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KURZFASSUNG
Diese Dissertation beschäftigt sich mit der Analyse von partiell vorgemischten Flammen sowie
der Detektion und Charakterisierung der vorherrschenden lokalen Verbrennungsregime.
Die Entwicklung und Anwendung einer Methode zur Regimeidentifizierung auf
experimentellen Daten stellt den ersten Schwerpunkt der Arbeit dar. Bisher veröffentlichte
Verfahren zur Identifizierung des Verbrennungsregimes, z.B. der Flammenindex und der
Regimeindikator, sind von dreidimensionalen Gradienteninformationen abhängig. Da die
benötigten detaillierten Gradienteninformationen experimentell nicht aufgelöst werden
können, sind solche Verfahren nicht auf experimentelle Daten anwendbar. In dieser Arbeit
wird eine neuartige Methode zur Regimeidentifizierung vorgestellt, welche sowohl auf
eindimensionale Raman/Rayleigh Messdaten (Hauptspezies und Temperatur) als auch auf
voll aufgelöste laminare und turbulente Flammensimulationen angewendet werden
kann. Der große Vorteil der neuen Methode ist, dass keine dreidimensionalen
Gradienteninformationen benötigt werden. Um vorgemischte und nicht-vorgemischte
Flammenzonen zu detektieren, werden verschiedene Flammenmarker identifiziert und
kombiniert. Der Ansatz wird basierend auf voll aufgelösten Simulationsdaten laminarer
Flammen entwickelt. Die voll aufgelösten numerischen Daten werden zunächst
örtlich gefiltert um den Einfluss unterschiedlicher experimenteller und numerischer
Auflösungen zu quantifizieren. Weiterhin wird ein Fehler, korrespondierend zu
experimentellen Unsicherheiten, auf die gefilterten Daten aufgeprägt und somit ein
zu Raman/Rayleigh Daten äquivalenter Datensatz erzeugt. Basierend auf den
Temperatur- und Hauptspeziesprofilen wird mithilfe eines homogenen Reaktors der volle
thermochemische Zustand punktweise approximiert. Schlussendlich werden die
Flammenmarker auf dem approximiertem Zustand berechnet und mit Ergebnissen der voll
aufgelösten Simulationen verglichen. Nach der erfolgreichen Validierung wird die Methode
auf experimentelle Raman/Rayleigh Messdaten von laminaren Gegenstromflammen, einer
turbulenten abgehobenen Flamme sowie turbulenten Referenzflammen angewendet. Die
Ergebnisse bestätigen, dass die Reaktionszonen der experimentellen Daten zuverlässig
detektiert und charakterisiert werden können. Im Vergleich zu anderen Ansätzen umgeht
die hier vorgestellte Methode Unsicherheiten, welche durch das limitierte Wissen von
Gradienteninformationen auftreten und zeigt eine Alternative zu bisher bekannten
Methoden der Reaktionszonenidentifizierung auf.
Die darauf aufbauende Flammenstrukturanalyse von partiell vorgemischten Dimethylether
(DME) Flammen stellt den zweiten Schwerpunkt der Arbeit dar. Die Verbrennung von
DME mit Luft produziert, im Vergleich zu Methan, eine signifikante Anzahl an intermediären
Kohlenwasserstoffen in der Reaktionszone. DME gilt aus diesem Grund als der nächst kom-
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plexere Brennstoff in der Forschung nach Methan. Um Verbrennungsprozesse zu simulieren
werden akkurate Verbrennungsmodelle benötigt. Zur Bewertung solcher Modelle und zur Iden-
tifizierung des dazugehörigen Verbrennungsregimes sind numerische Simulationen notwendig.
Aus diesem Grund ist das Verständnis der lokalen Flammenstruktur von partiell vorgemis-
chten Dimethylether Flammen und die Auswahl passender Verbrennungsmodelle ein wichtiger
Forschungsschwerpunkt im Bereich der Multiregime-Verbrennung. Zu diesem Zweck werden
voll aufgelöste Simulationen von laminaren DME Flammen, mit unterschiedlich stark aus-
geprägter Vormischung, durchgeführt. Weiterhin wird die zweidimensionale Struktur der
partiell vorgemischten Flammen diskutiert, eine Analyse auf ausgewählten Schnitten durchge-
führt und sowohl untereinander als auch mit experimentellen Daten verglichen. Aufbauend
auf den Erkenntnissen der Flammenstrukturanalyse wird eine Charakterisierung basierend auf
dem Grad an Vormischung präsentiert. Weiterhin wird das Flamelet-Fortschrittsvariablen-
Modell angewendet um unter Verwendung eines reduzierten Modells mit tabellierter Chemie
die partiell vorgemischten DME Flammen zu reproduzieren. Im Rahmen des Flamelet-
Fortschrittsvariablen-Modells wird die neu entwickelte Regimeanalyse sowie eine aus der
Literatur bekannte a priori Analyse angewendet und eine vielversprechende Flammenman-
nigfaltigkeiten identifiziert. Die auf der gekoppelten Simulation des Flamelet-Fortschritts-
variablen-Modells basierenden Ergebnisse werden mit Resultaten der voll aufgelösten Rech-
nungen abgeglichen.
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ABSTRACT
This dissertation addresses the analysis of partially premixed flame configurations and the
detection and characterization of their local flame regimes.
First, the identification of flame regimes in experimental data is intensively discussed. Cur-
rent methods for combustion regime characterization, such as the flame index, rely on 3D
gradient information that is not accessible with available experimental techniques. Here, a
method is proposed for reaction zone detection and characterization, which can be applied
to instantaneous 1D Raman/Rayleigh line measurements of major species and temperature
as well as to the results of laminar and turbulent flame simulations, without the need for
3D gradient information. Several derived flame markers, namely the mixture fraction, the
heat release rate and the chemical explosive mode, are combined to detect and characterize
premixed versus non-premixed reaction zones. The methodology is developed and evaluated
using fully resolved simulation data from laminar flames. The fully resolved 1D simulation
data are spatially filtered to account for the difference in spatial resolution between the ex-
periment and the simulation, and experimental uncertainty is superimposed onto the filtered
numerical results to produce Raman/Rayleigh equivalent data. Then, starting from just the
temperature and major species, a constrained homogeneous batch reactor calculation gives an
approximation of the full thermochemical state at each sample location. Finally, the chem-
ical explosive mode and the heat release rate are calculated from this approximated state
and compared to those calculated directly from the simulation data. After successful valida-
tion, the approach is applied to Raman/Rayleigh line measurements from laminar counterflow
flames, a mildly turbulent lifted flame and turbulent benchmark cases. The results confirm
that the reaction zones can be reliably detected and characterized using experimental data.
In contrast to other approaches, the presented methodology circumvents uncertainties arising
from the use of limited gradient information and offers an alternative to known reaction zone
identification methods.
Second, this work focuses on the flame structure of partially premixed dimethyl ether (DME)
flames. DME flames form significant intermediate hydrocarbons in the reaction zone and are
classified as the next more complex fuel candidate in research after methane. To simulate
DME combustion processes, accurate predictions by computational combustion models are
required. To evaluate such models and to identify appropriate flame regimes, numerical
simulations are necessary. Therefore, fully resolved simulations of laminar dimethyl ether
flames, defined by different levels of premixing, are performed. Further, the qualitative two-
dimensional structures of the partially premixed DME flames are discussed and analyses
are carried out at selected slices and compared to each other as well as to experimental
data. Further, the flamelet/progress variable (FPV) approach is investigated to predict the
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partially premixed flame structures of the DME flames. In the context of the FPV approach,
a rigorous analysis of the underlying manifold is carried out based on the newly developed
regime identification approach and an a priori analysis. The most promising flamelet look-
up table is chosen for the fully coupled tabulated chemistry simulations and the results are
further compared to the fully resolved simulation data.
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1
INTRODUCTION
Energy supply based on combustion processes plays a crucial role in all industry-based nations
and is still essential in developing countries [7–9]. The potential application of renewable
energy sources, to replace fossil fuel combustion as the prime energy source and thus to provide
environmental benefits, is a central social issue and a topic of current research. However,
renewables are still far from replacing fossil fuels as primary sources of energy. Thus, the
combustion of fossil fuels will remain important, both in science and industry, and will play
a crucial role in energy production for a long time to come.
Dimethyl ether (DME) is a promising renewable, low-emission fuel candidate to replace con-
ventional high-cetane fuels used in diesel or homogeneous charge compression ignition com-
bustion processes. While the majority of DME is currently produced from fossil fuels, DME
could potentially be produced from biomass resources [10]. It further meets a wide range of
requirements of an alternative fuel [11]. Thus, the international DME usage, both in blends
and pure fuel, is expected to increase over the next decade. With this, also the scientific inter-
est in DME rises. Correctly predicting DME flame kinetics is a topic of ongoing research, e.g.
in the context of the International Workshop on Measurement and Computation of Turbulent
Flames (TNF) [12], with a DME/air flame series being chosen as one of the main topics. This
research interest is caused primarily due to the formation of intermediate hydrocarbons in the
reaction zone, the low tendency to form soot and the accessibility by 1D Raman/Rayleigh
measurements [13]. Recently, several studies with respect to DME combustion have been
performed. For instance, Gabet et al. [14], Coriton et al. [15] and Fuest et al. [6, 13] show
experimental results based on DME combustion systems. Moreover, Coriton et al. [16], Kro-
nenburg and Stein [17], You et al. [18] and Popp et al. [19] examined turbulent DME flames
with different levels of local extinction numerically.
Numerical models are widely used to assess combustion processes with the goal of predic-
tive modeling approaches. With the increasing availability of high-performance computing
resources for scientific modeling, numerical simulations have become a well-established tool to
understand reactive flows. For that reason, computational fluid dynamics (CFD) simulations
are an important instrument for gaining detailed knowledge of the combustion processes.
Laminar and turbulent combustion processes are often classified globally as either premixed
or non-premixed. These two limiting cases have been studied extensively and mathemati-
cal models have been developed for both classes of flames. In most advanced combustion
applications, such as gas turbines, aircraft combustors, or direct-injection engines, complex
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combustion scenarios can occur through partial premixing or recirculation, usually described
as “multi-regime” combustion. Thus, simulating combustion processes requires a knowledge
of the underlying flame conditions and regimes for the model selection. As already discussed
by Knudsen and Pitsch [20, 21] and Wu et al. [22], the choice of suitable combustion models
and the knowledge of predominant flame regimes, remains an open issue for partially pre-
mixed combustion and not all details are fully understood. In the present work, the term
“regime” is used with respect to the combustion regime/ combustion mode and the term
“partially premixed” is used to describe all conditions in between “perfectly premixed” and
“perfectly non-premixed”.
One way to locally distinguish between different combustion modes is to investigate the small-
scale interaction between transport and chemistry [21, 23]. Implicitly using the idea that the
direction of mixing determines the local flame structure, several identifiers describing each
regime have been developed. The flame index GFO proposed by Yamashita et al. [24] and
the corresponding normalized flame index ξp by Domingo et al. [25] are the most commonly
used. These indices evaluate the alignment of fuel and oxidizer gradients and thus give an
indication of the local mixing in the reaction zone. Fiorina et al. [26] extended the definition
of the flame index to account for the alignment of fuel and oxidizer gradients in diffusion-
controlled regions of counterflow double flames. A modified version of the flame index for
large eddy simulations (LES) was introduced by Domingo et al. [27]. A different approach
in the context of multi-regime modeling is the combustion regime indicator that was recently
proposed by Knudsen and Pitsch [20, 21], based on the evaluation and tabulation of gradient
quantities.
The indices and identifiers discussed above have been developed for analyzing direct numer-
ical simulation (DNS) data and for use in numerical modeling. Experimental measurements
of the same quantities would be difficult because most of the definitions are based on a knowl-
edge of 3D gradients of multiple scalars. Rosenberg et al. [28] have reported results on the
probabilities of finding premixed and non-premixed reaction zones in a turbulent partially
premixed combustor, based on a flame index determined from the 2D imaging of fluorescent
markers. However, 2D projections can misidentify the sign of the scalar product of fuel and
oxidizer gradient vectors in a 3D field. Barlow et al. [5] used the measured 1D change in the
mixture fraction across a large jump in temperature (1000 K) as a conditioning variable in
their analysis of the transition from premixed to non-premixed burning in the near field of
a piloted jet flame. Crossed planar imaging methods have been applied in combination with
1D Raman/Rayleigh measurements to determine the instantaneous flame orientation and to
approximate 3D gradients in the mixture fraction [29] and progress variable [30, 31]. However,
this limited 3D gradient information is not sufficient to quantitatively determine the flame
indices and regime indicators cited above.
Consequently, analyses of the experimental data in terms of the combustion regime and regime
identification have been conducted mostly in connection with simulations. For example, com-
paring LES results with the experimental data in terms of conditional averages of species and
temperature profiles, provides useful insights with respect to the local flame regime [19, 32–
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35]. Another approach is an a priori/prior analysis [34, 36, 37], which is feasible for tabulated
manifold techniques.
However, no attempts have been made to detect and, especially, to characterize reaction
zones directly using the instantaneous 1D Raman/Rayleigh data usually available for
benchmark flames. This is partially due to the lack of quantitative gradient information
since the regime identifiers (as well as the corresponding combustion regime classifications)
rely on a knowledge of 3D scalar gradients. Current experimental techniques such as
spontaneous Raman/Rayleigh scattering cannot access this level of quantitative detail [5].
Even correcting the 1D gradients derived from the Raman/Rayleigh experiment, using the
crossed-sheet method, results in information normal to the reaction zone but does not yield
a generic 3D gradient of major species [30, 31].
Here, a method is proposed for reaction zone detection and characterization, which can be
applied to major species and temperature data, without the need for 3D gradient information.
In contrast to other approaches, the presented methodology circumvents uncertainties arising
from the use of limited gradient information. The newly developed method of gradient-free
regime identification (GFRI) only requires 1D information of major species and temperature
along a sample line, larger than the reaction zone thickness, passing through the reaction
zone. Raman/Rayleigh scattering provides this instantaneous data of species concentrations
and temperature at multiple points along a 1D probe volume (typically 3-6 mm in length,
with a beam diameter of roughly 0.2 mm and data spacing of 0.1 mm). Especially when
crossing the reaction zone, significant changes in the major species and the temperature are
observable. These changes can reflect the different combustion regimes. Thus, the required
information for detecting and characterizing a reaction zone can be provided in cases where
the reaction zone is thin and the 1D probe volume crosses the reaction zone as illustrated in
Figure 1.1, which shows the surface of the stoichiometric mixture and the reaction zone taken
from the DNS of a turbulent non-premixed flame [1].
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Figure 1.1: Sketch of 1D probe volume located at the reaction zone around the stoichiometric
mixture (shown as gray surface) in a turbulent non-premixed flame.
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The GFRI approach is developed step by step using numerical and experimental data from
canonical partially premixed methane/air flame configurations.
The following steps describe the essence of the GFRI approach:
• The temperature and major species are a footprint of the thermochemical state of each
sample along a measured line.
• The full thermochemical state is approximated by a constrained homogeneous batch
reactor calculation with the only inputs being measured temperature and major species.
• Relevant flame markers are calculated from this approximated state.
• Combinations of these flame markers are used to detect and characterize premixed and
non-premixed reaction zones.
Further, laminar, partially premixed DME jet flames, defined by different equivalence ratios
in the fuel inlet, are analyzed in fully resolved numerical simulations and a flamelet/progress
variable (FPV) approach. In the scope of this work, the demand for predictive and reliable
combustion models for partially premixed DME flames is focussed. Therefore, fully resolved
numerical results are compared with experimental data and with FPV results based on
tabulated chemistry. In particular, the flame structure of laminar, partially premixed
DME/air flames is intensively discussed.
The studies concerning the dimethyl ether flames consist of the following hypotheses:
• The local flame structure of partially premixed dimethyl ether flames are reproduced
based on fully resolved, numerical, quasi-2D simulations.
• The GFRI approach is used to decide on the flame regime and a corresponding tabulated
manifold for the FPV approach.
• The a priori analysis, shown to be feasible for tabulated manifold techniques in the
literature, is compared with the results of the GFRI approach.
• The possibility to reproduce the local flame structure of laminar, partially premixed
DME flames using available tabulation strategies and corresponding underlying mani-
folds is shown.
To confirm these statements, Figure 1.2 lists the considered numerical and experimental test
cases for the gradient-free regime identification approach. Further, a classification in fully
resolved laminar and turbulent setups (numerical), 1D Raman/Rayleigh data of laminar and
turbulent flames (experimental) and fully coupled FPV results (numerical, based on tabulated
chemistry) is presented. The GFRI approach is developed step by step for the numerical and
experimental configurations with increasing complexity, which leads directly to the outline of
this work.
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Figure 1.2: Scheme of numerical and experimental test cases considered with respect to the
gradient-free regime identification approach.
Chapter 2 presents the fundamentals of this work, starting with relevant flame markers ap-
plicable to characterize the combustion processes based on numerical and experimental data.
The governing equations for the detailed numerical simulation of laminar reactive flows and
the flamelet/progress variable approach are introduced. Subsequently, a constrained control
approach for the automated choice of an optimal progress variable for chemistry tabulation
is described.
The investigated computational and experimental setups are summarized and the conditions
of the test flames are given in Chapter 3.
Chapter 4 outlines the development of the proposed regime identification approach. This
chapter is divided in the descriptions of the development of the approach and how it can be
applied to fully resolved numerical results and to experimental Raman/Rayleigh data. The
proposed methodology for calculating flame markers from Raman/Rayleigh measurements
is presented and specific criteria for reaction zone identification are given. The method
for approximating the full thermochemical state is evaluated using simulations of laminar
counterflow flames.
In Chapter 5 the GFRI method is applied to a laminar 2D triple flame and a 3D DNS of a
non-premixed syngas jet in a temporally evolving mixing layer.
The application of the GFRI approach to Raman/Rayleigh experimental data is shown in
Chapter 6, with partially premixed laminar counterflow flames matching the numerical test
cases, a mildly turbulent lifted flame, which reveals flame structures similar to those found
in the triple flame simulation, and three turbulent benchmark flame setups.
Subsequently, the results relevant for numerical modeling and analysis of laminar, partially
premixed DME jet flames are summarized. First, the outcome of the detailed simulations of
the partially premixed DME flames is given in Chapter 7. A comparison between the fully
resolved CFD simulations with experimental data and a reaction regime analysis, comparing
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the experimental and fully resolved numerical results by means of the GFRI approach, is
shown. Next, the DME flames, defined by different fuel equivalence ratios of the initial DME
mixture, are compared regarding the differences arising in the flame structure.
As a second step, the evaluation of the flamelet/progress variable approach is carried out in
Chapter 8. With respect to the FPV approach, suitable flamelet look-up tables are identified
and a brief outlook on progress variable optimization strategies and the enthalpy defect is
offered. Based on the most promising tabulated manifold, a fully coupled FPV simulation
is carried out and the resulting profiles for the major species, temperature and a subsequent
verification of the reaction regime based on the GFRI approach are discussed.
Chapter 9 summarizes the work.
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CHARACTERIZAT ION OF LAMINAR AND TURBULENT
COMBUST ION PROCESSES
In the global classification, laminar and turbulent combustion processes can be either pre-
mixed or non-premixed. A premixed flame propagates into a reactant mixture with a uniform
equivalence ratio while, in a non-premixed flame, the fuel and oxidizer come from opposite
sides of the stoichiometric reaction zone. Further, following the principle that a balance of
mixing and chemical reactions directly determines the flame structure, a local characteriza-
tion is proposed by Knudsen and Pitsch [20]. The authors define a non-premixed mixture as
one in which chemical species are mainly transported in the direction of the mixture fraction
gradient, and a premixed mixture as one where the balance of chemical reactions mainly fol-
lows iso-mixture fraction contours. Thus, chemical species are rarely transported normal to
mixture fraction isolines. In addition, partially premixed flames have been investigated both
experimentally and numerically, usually considering well-defined benchmark setups which are
(for example) used in the context of TNF [12].
To gain an idea of possible flame configurations, a numerical counterflow setup (see Figure 2.1)
will be considered. Note that, based on this counterflow setup, non-premixed, partially pre-
mixed and premixed flame configurations can be analyzed. The numerical setup and the
corresponding governing equations will be described in Section 2.2.2.
inlet 1
Φ1 Φ2
inlet 2x
Figure 2.1: Diagram of a counterflow flame configuration. The dashed line represents the
stagnation plane and the black region suggests a possible flame front.
The local flame structure in partially premixed configurations depends on both the composi-
tion at the boundaries and the strain rate. If one of the flows (or both) is in the flammability
range (FR) (rich and/or lean), then one (or two) reaction zone(s) that is (are) essentially
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premixed can be found at low strain rates, while the reaction zone(s) become(s) stratified at
higher strain rates, with a gradient in mixture fraction across them. When inlet mixtures out-
side the flammability range are used, two reaction zones become established on the lean and
the rich sides where there are gradients in mixture fraction. This configuration is described
as a “back-supported premixed flame with stratified reaction zones” [38].
A schematic visualization of the flame characteristics considered, based on the heat release
rate (HRR) and the mixture fraction (Z), is shown in Table 2.1. These results are based on
the counterflow flame setup using various inlet compositions (ϕ) and strain rates a.
NP R2P PP(1) PP(2) PP(3)
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characterizing the flame setup
a (1/s)* 5.60 45.35 41.59 41.05 307.84
ϕ (Φ1) 0 /∈ FR 1 ∈ FR 0 /∈ FR 0 /∈ FR 0 /∈ FR
ϕ (Φ2) ∞ /∈ FR 1 ∈ FR 1.9 /∈ FR 1.2 ∈ FR 1.2 ∈ FR
characterizing the flame fronts
NP X - X X X
strat.** X - X X X
prem. - X X X X
strat. - - X - X
Table 2.1: Classification of combustion processes based on laminar counterflow methane/air
flames. (T=300 K, p=1 bar) (FR - flammability range) (* see Section 2.20, **
requirement for non-premixed flame front) (NP: Non-Premixed, R2P: Reactants-
to-Products, PP(1), PP(2) and PP(3): Partially Premixed)
The first configuration is a non-premixed (NP) flame with pure fuel for inlet 1 and air for inlet
2. Note that a non-premixed flame zone is usually located in the vicinity of stoichiometric
mixture fraction conditions (Zst). The second configuration is a homogeneous stoichiometric
reactant-to-product (R2P) configuration. Further, three partially premixed flames are shown
(PP(1), PP(2) and PP(3)). The inlet composition ϕ (Φ2) is chosen such that the mixture
is outside the corresponding flammability range (PP(1)) or inside those limits (PP(2) and
PP(3)) (ϕFRCH4/air=[0.5,1.7]), respectively. The latter two cases are characterized by a low
strain rate (PP(2)) and a high one (PP(3)). It is worth mentioning that the reaction zones
are stratified (strat.), defined by a gradient in mixture fraction at the position of the flame
front, for the configuration NP, PP(1) and PP(3). All configurations, except NP, show a
premixed (prem.) flame zone.
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2.1 flame markers for characterizing combustion processes
This section reviews available flame markers found in the literature for characterizing com-
bustion processes. Since this work focusses on the evaluation of flame markers based on
numerical and experimental data, it is worth mentioning that most of the flame markers can
potentially be applied without any gradient information. This means that the flame marker
definitions can also be used for experimental single-shot data. Further, the gradient-based
flame index by Domingo et al. [25] and the gradient-based reaction zone thickness definition
proposed by Peters [39] and Seshadri and Peters [40] are used when discussing the numerical
data and are therefore briefly described. The flame markers applied and their most important
characteristics concerning the following work are summarized in Table 2.2.
flame marker section symbol GB FTS
flame index 2.1.1 ξp X -
mixture fraction 2.1.2 ZB, Ztran, Zloc - -
progress variable (PV) 2.1.3 Yc, c - -
chemical explosive mode 2.1.4 CM - X
heat release rate 2.1.5 HRR - X
Reaction zone thickness 2.1.6 (△Z)R X -
Table 2.2: Summary of the flame markers for characterizing combustion processes.
(GB - gradient-based, FTS - full thermochemical state required)
The third column lists the symbols used for the specific flame marker in this work. Further-
more, the two right columns indicate the necessity of 3D gradient information (GB) or a fully
thermochemical state (FTS, availability of mole/mass fractions of intermediate species) when
calculating the specific flame markers. Note that only the mixture fraction and the progress
variable are independent of 3D gradient information and the full thermochemical state.
2.1.1 Flame index
Calculating the flame index is an established method for identifying premixed and
non-premixed combustion regions, see [20, 24, 25, 27]. The normalized version proposed
by Domingo et al. [25] is used here
ξp = 12 ⋅ (1+ ∇Yfuel ⋅ ∇Yox∣∇Yfuel ⋅ ∇Yox∣) , (2.1)
where ξp=1 indicates a premixed reaction zone and ξp=0 a non-premixed reaction zone, re-
spectively. As mentioned above, 3D gradients are required when using this definition. Thus,
there is currently no universally applicable method to determine ξp from experimental data.
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2.1.2 Mixture fractions
The mixture fraction Z is an essential parameter for characterizing non-homogeneous systems.
This work compares three different approaches for calculating a mixture fraction. Two of the
three mixture fraction definitions are characterized by the inlet composition as a reference
(Bilger mixture fraction, transported mixture fraction) and one is only based on the local
mixture (local mixture fraction). To provide additional information on the differential diffu-
sion effects in non-homogeneous systems, the elemental mixture fraction ζHC is introduced as
well.
bilger mixture fraction Based on the species composition, the element-based
Bilger mixture fraction ZB [41] is defined as:
ZB = 2 (YC −YC,ox) /WC + (YH −YH,ox) / (2WH)− (YO −YO,ox) /WO2 (YC,fuel −YC,ox) /WC + (YH,fuel −YH,ox) / (2WH)− (YO,fuel −YO,ox) /WO . (2.2)
The subscripts C, H and O correspond to the elements, the symbol W refers to their atomic
masses and Y refers to the species mass fractions.
In the following discussion, the expression ZB is used for the Bilger mixture fraction based
on all species included in the mechanism, while the expression ZRRB is always used if only
experimentally accessible species are considered. It should be noted that Raman/Rayleigh
(RR) scattering is mandatory as an experimental technique when applied to experimental
data, since it is the only method available to provide quantitative data for all major species
concentrations simultaneously.
Note that only selected species, equivalent to the Raman-measured concentrations (XCO2 ,
XO2 , XCO, XN2 , XH2O, XH2 , XDME, XCH4 , XC2H2 , XC2H4 and XCH3), are used when calcu-
lating the Bilger mixture fraction ZDMEB for the partially premixed DME flames, which is in
line with Fuest et al. [13] (using 6+(5) species).
transported mixture fraction Assuming unity Lewis numbers1 a transport
equation for the mixture fraction can be derived [42]. For this purpose, the following equation
for the mixture fraction Ztran has to be solved:
∂ρZtran
∂t
+∇ ⋅ (ρuZtran) = ∇ ⋅ (ρDZtran∇Ztran) , (2.3)
with the time t, the density ρ and the velocity u. The diffusion coefficient DZtran is chosen
such that LeZtran = λ/(ρcPDZtran) = 1. Note that the mixture fraction has no reaction source
term and is therefore a conserved variable. The mixture fraction values based on the transport
equation will be further referred to as Ztran.
1 Lei = λ/(ρcpDi) = 1 with λ being the thermal conductivity, ρ the density, cp the specific heat capacity at
constant pressure and Di the diffusivity of species i.
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Note that the Bilger mixture fraction and the transported mixture fraction both need the
inlet composition as a reference and are therefore characterized by a constant stoichiometric
mixture fraction value (Zst).
local mixture fraction Based on a particular analysis of the local mixture and
the local equilibrium state of the chemical elements, a definition of a local mixture fraction
stoichiometry can be derived. To this end, the balance of the elements C, H and O is analyzed:
Zloc,st⇔ (NO − (2 ∗NC + 0.5 ∗NH) != 0) , (2.4)
where NO, NC and NH represent the molar amount of element O, C and H, respectively.
This balance becomes zero if a local equilibrium mixture is present. The corresponding
stoichiometric state will be referred to as Zloc,st.
elemental mixture fractions Based on the assumption that the continuity equa-
tion is satisfied, the amount of each element in the chemical system has to remain constant.
Thus, an elemental mixture fraction can be defined as:
Zj = N∑
i=1
bijWj
Wi
Yi,
where j represents the corresponding chemical element, W refers to the atomic masses, Y to
the species mass fraction and bij to the number of the element j in species i. Further, the
elemental mixture fraction related to the inlet compositions is defined as (see [43]):
ζj = Zj −Zj,ox
Zj,fuel −Zj,ox ,
where j represents the corresponding chemical element, Zj is the elemental mixture fraction
of element j and the subscripts “fuel” and “ox” refer to fuel and oxidizer streams, respectively.
Note that the degree of differential diffusion can be quantified by comparing the elemental
mixture fractions of hydrogen and carbon, ζH and ζC. Based on this, a differential diffusion
parameter ζHC can be defined as the difference between these elemental mixture fractions [43]:
ζHC = ζH − ζC.
2.1.3 Progress variable
A progress variable is usually introduced to quantify the reaction progress of a mixture. Here,
a chemical system including N chemical species is considered. Let Yi(m) be the mass fractions
of species i with i = 1, ...,N over a set M ⊆ R ∀m ∈ M . In most applications M may be a
time interval, a spatial domain, a set of strain rates or a set of scalar dissipation rates (see
Section 2.2.1, Section 2.2.2 and Section 2.3).
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The definition of an appropriate progress variable is coupled to various basic requirements
which can be defined as described in [44]:
• the transport equation has to be conveniently solved in a combustion simulation
• the parameter setup uniquely characterizes each point in the thermochemical state
space, hence it has to decrease or increase in a strictly monotonic manner
• the progress variable has to be a process controlling variable and a projection of the
trend of the combustion process (flame region, slow conversion reactions)
• an appropriate mapping with respect to the species and temperature is mandatory
In general, reaction progress can be described in terms of temperature, enthalpy, entropy
or a combination of species mass fractions. Due to the requirements mentioned above, the
species mass fractions, in particular, meet the requirement of a convenient transport equation;
these will be further used in this work. Thus, a progress variable Yc is defined by a linear
combination of the species mass fractions:
Yc(m;α) ∶= N∑
i=1αiYi(m), (2.5)
where αi ∈ R is a weighting coefficient for species i. Throughout this thesis, the dependency
of the progress variable on the coefficient vector α and on the dataset M will be suppressed,
unless it is necessary to emphasize this explicitly.
A progress variable Yc is called
(i) well defined, if it is strongly monotonic: ∣Yc(m)−Yc(m+ δ)∣ > 0, ∀δ > 0, ∀m ∈M .
(ii) normalized, if min
m∈M(Yc(m)) = 0 and maxm∈M(Yc(m)) = 1 holds.
Note that throughout this work a normalized progress variable Yc is denoted by c2.
When using, for instance, a global one-step algorithm, where no further species conversion
takes place, different monotonic progress variables can be found, e.g. the product mass
fraction or the negative mass fraction of fuel and oxidizer. On the other hand, for detailed
chemical mechanisms, selecting the species to define a progress variable (if one exists) can
become much more complicated [44–47]. An optimization procedure for finding a progress
variable based on species mass fractions was therefore proposed in [45, 46].
In this work, the standard progress variable defined according to Ihme et al. [3] and Ihme
and Pitsch [4]:
Yc = YCO2 +YCO +YH2 +YH2O, (2.6)
is applied for methane-air flames. For more complex mixtures, the automatic optimization
procedure developed by Prüfert et al. [46] is used.
2 c = (Yc−min(Yc))(max(Yc)−min(Yc))
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2.1.4 Chemical explosive mode
Chemical explosive mode analysis (CEMA) is a recently developed computational flame diag-
nostics method to extract information from detailed chemistry simulations [48]. This method
has been successfully applied to identify premixed reaction zones in direct numerical simula-
tions (DNS) of n-heptane [49] and hydrogen [48] flames. Furthermore, both extinction and
ignition processes [50, 51] have been investigated. No application to experimental data has
been reported so far.
Starting out from the balance equations of a chemically reacting system
DΦ
Dt
= ω˙ (Φ)+S (Φ) , (2.7)
with the material derivative D/Dt, the thermodynamic variable Φ describing a vector of the
dependent variables (species concentrations and temperature), the source term ω˙ and the
mixing term S, the corresponding Jacobian J can be split into two parts
J = Jω˙ +JS , (2.8)
where JS contains the mixing contributions. The Jacobian Jω˙, which is used for the following
analysis, is defined as
Jkjω˙ = dω˙k/dΦj . (2.9)
All thermochemistry-related information is contained in Jω˙. The eigenvalues λ of Jω˙ are
computed as
λ = bJω˙a, (2.10)
with the left and right eigenvectors b and a. The eigenvalue with the largest real part is then
defined as λe. If Re(λe) is positive, the term “chemical explosive mode” is used, which is a
purely chemical property of the mixture, otherwise the corresponding mode is described as
non-explosive [48]. It was shown in several of the original publications that premixed reaction
zones or ignition processes can be identified by a change in sign (from positive to negative)
in the chemical explosive mode.
While it is obvious that the eigenvalues can easily be calculated based on fully resolved
numerical simulation data, the robustness of the calculation of the chemical explosive mode
starting from Raman/Rayleigh data has to be discussed in detail, see Section 4.1. As in Shan
et al. [49], a slightly modified expression is used, abbreviated as “CM”, rather than directly
using Re(λe),
CM ∶= sign(Re(λe))× log10 (1+ ∣Re(λe)∣) , (2.11)
where “sign” denotes the signum function.
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2.1.5 Heat release rate
The heat release rate (HRR) is a local value which can be used to detect reaction zones in
laminar and turbulent flows. It is calculated as
HRR = −1
ρ
∑
i∈N ω˙ihf ,i, (2.12)
with the chemical source term ω˙i and hf ,i being the enthalpy of formation of species i.
In a number of studies [52, 53], the formaldehyde-based correlation [OH]×[CH2O], where [⋅]
indicates the molar concentration of a species, has been used as a HRR indicator in laminar
and turbulent premixed flames. In principle, both OH and CH2O can be measured using
laser-induced fluorescence; however, even the semi-quantitative measurement of CH2O is still
a challenge. Thus, the formaldehyde-based correlation is only used to compare the fully
resolved calculations. Similarly to chemical explosive mode analysis, the full thermochemical
state is used to calculate the HRR in this work. This is discussed in detail in Section 4.1.
2.1.6 Reaction zone thickness in partially premixed systems
Based on the assumption that there is a small characteristic chemical time scale compared to
mixing, the reaction zone is usually thin. With this assumption and the use of an asymptotic
analysis, Peters [39] and Seshadri and Peters [40] proposed the following estimation for the
reaction zone thickness of partially premixed systems in mixture fraction space:
(△Z)R = ¿ÁÁÁÀ Ymaxmax (∣∂2Y
∂Z2 ∣)R . (2.13)
The expression max(⋅)R indicates the maximum in the reaction zone and Y the variable
analyzed. Note that in the limit of infinitely fast chemistry, the reaction zone thickness(△Z)R tends to zero.
To identify the overall flame structure, Y was chosen as a value that changes on the scale of
the overall flame thickness [54]. In this work, the species CO is chosen as reference.
2.2 detailed simulation of laminar flow systems
Below, the governing equations of fully resolved laminar simulations with full transport and
chemistry are stated. More details can be found in [9]. Further, two specific numerical 1D
flame configurations are discussed and the corresponding governing equations are given. Note
that the numerical setups considered correspond to 1D steady-state representations of the full
governing equations. Finally, diffusion and radiation modeling approaches are described.
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The conservation equations for continuity, momentum, enthalpy and the species mass fraction
read as
∂ρ
∂t
+∇ ⋅ (ρu) = 0 , (2.14)
∂
∂t
(ρu)+∇ ⋅ (ρuu) = −∇p+∇ ⋅ τ + ρg , (2.15)
∂
∂t
(ρh)+∇ ⋅ (ρuh) = −∇ ⋅ N∑
i=1hiji +∇ ⋅ (λ∇T )+QR , (2.16)
∂
∂t
(ρYi)+∇ ⋅ (ρuYi) = −∇ ⋅ ji + ω˙i, (2.17)
where τ is the laminar stress tensor, g the gravity, and ji the laminar diffusive mass flux of
species i. By using a chemical mechanism to directly evaluate the chemical source terms, the
governing equations of a laminar reactive flow can be solved.
Based on the governing equations written above, 1D steady-state equations can be derived
and, depending on the choice of specific boundary conditions, several 1D flame setups can be
represented. This work examines freely propagating premixed flames and a counterflow jet
flame setup. In view of the detailed description of the 1D flame equations in the literature,
the corresponding governing equations are only briefly revisited in the following paragraphs.
Further, an illustration of the numerical setups is shown in Figure 2.3.
inlet 1
Φ1 Φ2
inlet 2
physical space xphysical space x
freely propagating premixed flames counterflow jet flame
(a) (b)
sL u1
inlet 1
Φ1
u u2
Figure 2.2: Computational setup for two different 1D flame configurations.
2.2.1 Freely propagating premixed flames
The freely propagating premixed flame setup (see Figure 2.3(a)) is characterized by the
propagation of a burnt mixture into the unburnt gas composition. The initial state of a freely
propagating premixed flame, Φ1, is defined by the mole/mass fractions of the reactants,
corresponding to a fixed equivalence ratio ϕ, an initial pressure and an initial temperature.
The steady, isobaric, quasi-1D governing equations have to be solved (see [55]). Note that
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based on the assumption of a constant mass flux throughout the flame, the continuity equation
is reduced to ρu = ρusL=const, where ρu corresponds to the density of the unburnt mixture.
The steady 1D energy and species conservation equations read as follows:
ρusLcp
∂T
∂x
= ∂
∂x
(λ∂T
∂x
)− N∑
i=1 cp,iρV iYi
∂T
∂x
− N∑
i=1hiω˙i, (2.18)
ρusL
∂Yi
∂x
= −∂ρV iYi
∂x
+ ω˙i. (2.19)
It is worth mentioning that the laminar burning velocity sL defines an eigenvalue (character-
istic value) of the system.
2.2.2 Counterflow jet flames
The counterflow jet flames are a widely used canonical configuration for flame structure
analysis and flamelet tabulation. An illustration of the axes and the geometry is given in
Figure 2.3(b). The setup is characterized by two separate inlet streams (Φ1 and Φ2) situated
opposite one another and an axisymmetric flow field with a stagnation plane in between. The
location of the stagnation plane depends on the two inlet streams. For instance, in most
counterflow diffusion setups the flame is on the same side as the oxidizer, since most fuels
require more air than fuel by mass. The computational setup allows non-premixed, premixed,
and partially premixed combustion scenarios to be achieved by varying the inlet compositions
and the strain rate. To characterize a counterflow jet flame, a global strain rate expression
can be used:
a = u2 + u1
L
, (2.20)
where a is the strain, u1 and u2 are the axial velocity at inlet 1 and inlet 2, respectively, and
L is the distance between the inlet tubes.
By using a similarity transformation, a set of 1D equations along the axis can be obtained [55],
resulting in a boundary value problem for the dependent variables. By taking into account
all possible dependencies of the unknown values on x, the mass conservation equation at
steady-state reads:
G(x) = ∂F (x)
∂x
with G(x) = −ρur
r
and F (x) = ρux
2
, (2.21)
where ux and ur are the axial and radial velocity components, r is the radial coordinate and
ρ the density. The radial and axial momentum equations read:
∂p
r∂r
= const =H, (2.22)
H − 2 ∂
∂x
(FG
ρ
)+ 3G2
ρ
+ ∂
∂x
[µ ∂
∂x
(G
ρ
)] = 0. (2.23)
16
characterization of laminar and turbulent combustion processes
Note that the solution of Eq. (2.22) defines an eigenvalue of the radial momentum equation.
For the sake of completeness, the energy and the species conservation equations are given as
ρ(u∂T
∂x
− 1
cp
∂
∂x
(λ∂T
∂x
)+ ρ
cp
N∑
i=1 cp,iV iYi
∂T
∂x
+ 1
cp
N∑
i=1hiω˙i = 0, (2.24)
ρ(u∂Yi
∂x
+ ∂
∂x
(ρV iYi)− ω˙iWi = 0, i = 1, . . . ,N , (2.25)
where the species velocities V i are defined by the corresponding diffusion modeling approach.
2.2.3 Diffusion and radiation modeling
Although the continuity equations of the fully resolved laminar simulations basically occur in
closed form, physical phenomena such as diffusion and radiation have to be modelled.
To describe the diffusive transport of each species, several diffusion models are available. The
general equation for the laminar diffusive flux reads
ji = ρV iYi, with V i = V D,i +V T ,i +V c. (2.26)
The species velocity V i consists of the thermal (V T ,i) and diffusive (V D,i) species velocity,
which is related to the species gradients by Fick’s law. Additionally, a correction velocity V c
is included. The diffusive species velocity V D,i can be calculated using different approaches.
In this work the following three definitions are used for the diffusion modelling:
mixture-average (MA): V D,i = −Dm,i
Xi
∇Xi, (2.27)
constant Lewis numbers (Lei = const ≠ 1) ∶ V D,i = − 1Lei λρcpXi∇Xi, (2.28)
unity Lewis numbers (Le = Lei = 1) ∶ V D,i = − 1Le λρcpYi∇Yi, (2.29)
where Dm,i is the diffusion coefficient of species i into the mixture [56]. The mixture average
diffusion model (see Eq. 2.27) can be simplified by introducing independent Lewis numbers
for each species (Lei = const ≠ 1), which are constant in the entire computational domain. The
simplest model assumes unity Lewis numbers for every species (Le = Lei = 1). The thermal
diffusivity V T ,i accounts for thermal diffusion (Soret effect), which causes species diffusion
due to temperature gradients and is calculated as described in Kee et al. [56]. Finally, the
diffusive correction velocity V c is introduced to ensure that the diffusive fluxes sum up to
zero [57]. Laminar flames with a high amount of H2 or high hydrocarbons are especially
prone to differential diffusion, making it necessary to use more complex diffusion modeling
approaches (non-unity-Lewis-number effects and thermal diffusion).
To take radiation into account, the optically thin model (OTM) is used in this work. This
model considers emission only and neglects the absorption. This assumption simplifies the
radiative source term equation significantly. The model is applicable for optically thin media.
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In respect of the radiative properties, gray absorption is used as an absorption and emission
model (RADCAL) [58]. The medium is treated as completely gray, meaning that the absorp-
tion coefficient is constant over all wave numbers. In the RADCAL model, the gray mean
absorption coefficient is evaluated with a temperature-dependent polynomial considering the
composition of CO2, H2O, CO and CH4 [59, 60].
2.3 the flamelet model
Simulating chemically reacting processes in turbulent flows requires suitable models to de-
scribe the chemistry and turbulence-chemistry interaction (TCI). For this purpose, the steady
laminar (diffusion) flamelet model developed by Peters [61] is a widely used modeling ap-
proach for non-premixed turbulent combustion simulations. It is based on the assumption of
fast chemistry in thin flame sheets. In this approach, the so called “flamelet” can represent
the 1D structure through the reaction zone of the flame [61]. For this reason, a turbu-
lent non-premixed flame (for example) is assumed to consist of an ensemble of 1D laminar
reactive-diffusive structures. Based on these assumptions, the reactive scalars (temperature
and species mass fraction) can be expressed as functions of a mixture fraction Z (see Sec-
tion 2.1.2). Note that the steady laminar (diffusion) flamelet model is mostly used to simulate
turbulent combustion processes; however, it has also successfully been applied in various lam-
inar configurations.
Figure 2.3 illustrates the basic configuration, where inlet 1 (Z=0) corresponds to the oxidizer
side and inlet 2 (Z=1) to the fuel side.
mixture fraction space Z
laminar (diffusion) flamelet model
inlet 1
(Z=0)
Φ1
inlet 2
(Z=1)
Φ2
Figure 2.3: Computational setup for the 1D laminar (diffusion) flamelet model configuration.
Based on this assumption, the 1D flamelet equations for species mass fraction Yi and temper-
ature T can be derived by a coordinate transformation, see e.g. [62].
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The derived 1D flamelet equations read:
ρ
∂T
∂t
= ρχ
2
∂2T
∂Z2
+ 1
cp
(− N∑
i
ω˙ihi + ∂p
∂t
+QR) , (2.30)
ρ
∂Yi
∂t
= ρχ
2
∂2Yi
∂Z2
+ ω˙i, (2.31)
where ω˙i is the chemical source term of species i, h the enthalpy, p the pressure, cp the specific
heat capacity at constant pressure and QR the radiation source term. These equations are
valid for unity Lewis numbers. Flamelet equations considering differential diffusion effects
(variable Lewis numbers) can be found in [42].
To solve the flamelet equations, an expression is required for the scalar dissipation rate χ =
χ(Z), coupling the effects of the three-dimensional flow field to the flamelet equation. This
work employs the widely used error function complement (erfc) approach, representing a
solution of a laminar steady-state counterflow setup with constant density and diffusivity [63]:
χ(Z) = χst exp(2[erfc−1(2Zst)]2 − 2[erfc−1(2Z)]2). (2.32)
Note that one representation of the function χ(Z) can be described by one stoichiometric
scalar dissipation rate χst = χ(Z)∣st.
The original steady laminar (diffusion) flamelet model served as a starting point for developing
further models and was extensively validated and modified. Several extensions were made in
order to capture more complex flame features, for instance differential diffusion [42], unsteady
effects [33, 64, 65], multi-feed combustion [66–68], pollutant formation [69], thermal and
mixture stratification [70], pressure variability [71], radiation [32, 72, 73], and curvature [54,
74–76]. Further, the flamelet/progress variable approach (FPV) was introduced to capture
local extinction processes and autoignition [3, 4, 32, 77].
2.3.1 The flamelet/progress variable approach
Based on a specific mapping of the manifold used in the steady laminar (diffusion) flamelet
model, the flamelet/progress variable approach was introduced by Pierce and Moin [77]. Its
applicability has, for instance, been demonstrated for local extinction, radiation and slow
processes such as NOx emission [3, 4]. The FPV approach is based on the idea of replacing
the independent variable M , e.g. the time interval, spatial domain, a set of strain rates or a
set of scalar dissipation rates, with a chemical parameter that is able to capture the reaction
progress; the progress variable (see Section 2.1.3). In the FPV approach, an additional
transport equation has to be solved for the non-normalized progress variable (besides the
transport equation for the mixture fraction, see Eq. (2.3)):
∂ρYc
∂t
+∇ ⋅ (ρuYc) = ∇ ⋅ (ρDYc∇Yc)+ ω˙Yc , (2.33)
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with the time t, density ρ and the velocity u. Further, ω˙Yc describes the source term of
the progress variable and DYc the diffusion coefficient, respectively. Note that an appropriate
diffusion modelling approach appears to be an essential requirement when solving Eq. (2.33).
In order to evaluate the normalized progress variable c in a three-dimensional CFD simulation,
the progress variable Yc is solved in the flow simulation and c is calculated based on Yc,min(Z)
and Yc,max(Z) stored in a flamelet look-up table (FLUT).
Thus, the thermochemical state can be addressed as
Φ = Φ(Z, c), (2.34)
where Z is the mixture fraction and c the normalized progress variable.
Similarly to the FPV approach, the flamelet generated manifolds (FGM) approach [78] and the
flame prolongation of intrinsic low dimensional manifolds (FPI) approach [79] use the progress
variable as the parameter describing the progress in the combusting mixture. Both the FGM
and the FPI approach are based on 1D premixed flame solutions in physical space consid-
ering the progress variable and the mixture fraction as independent parameters. Another
approach, called multidimensional flamelet-generated manifolds (MFM), solves the species
and temperature equations directly in progress variable/composition space instead of phys-
ical space [80]. A modified version, including the differential diffusion effect in the MFM
equations, was introduced by Lodier et al. [81]. A generally applicable tabulation strategy of
1D flamelet calculations based on progress variable space is, however, still a topic of current
research and was not treated in this thesis.
2.3.2 The tabulated manifold
The underlying thermochemical state for the FPV approach can in general be either non-
premixed (flamelet space or physical space), premixed (composition space or physical space)
or partially premixed (physical space). Thus, the tabulated manifold can be obtained by
solving the flamelet equations or using generic flame configurations such as premixed flames
or counterflow flames. These 1D calculations form the basis for the FLUT used in the fully
coupled FPV simulations. Available 1D (steady) flame configurations for the underlying
thermochemical state of the FLUT are summarized in Table 2.3.
configuration space PV acronym
diffusion flamelet model mixture fraction (Z) Yc(χZtran ;α) D-FLUT
premixed flamelet model composition (Yc) Yc(Yc;α) nc
freely propagating premixed flames physical (x) Yc(x;α) P-FLUT
burner-stabilized premixed flames physical (x) Yc(x;α) nc
counterflow jet flame physical (x) Yc(x;α) C-FLUT
counterflow reactants to products physical (x) Yc(x;α) nc
Table 2.3: 1D flame configurations for chemistry tabulation in the FPV approach. (nc - not
considered)
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Three flamelet look-up tables (D-FLUT, P-FLUT and C-FLUT, see Table 2.3), based on
three different flame configurations, are analyzed and compared in this work.
d-flut: The D-FLUT is based on 1D flamelet solutions for species mass fractions Yi and
the temperature T , including differential diffusion [42, 62]. Note that one flamelet solution
(based on one representation of the function χ(Ztran)) can be described by one stoichiometric
scalar dissipation rate χZtran,st. Thus, χZtran,st can be used as a second (independent) coordi-
nate describing the thermochemical state as Φ = Φ(Ztran,χZtran,st). Based on an appropriate
mapping of χZtran,st to the progress variable (see Section 2.4), the tabulated manifold can be
defined.
p-flut: To generate the premixed FLUT, the steady, isobaric, quasi-1D governing equa-
tions for freely propagating premixed flames are solved. Calculations for varying equivalence
ratios ϕ, 0 ≤ ϕ <∞, are conducted and the independent variable x (physical space) is mapped
(for each numerical solution) to an appropriate progress variable (see Section 2.4) to define
the tabulated manifold. If not mentioned otherwise, a mixture average diffusion approach
including thermal diffusion is used for the premixed flame calculations.
c-flut: The C-FLUT is based on a laminar counterflow setup using the set of 1D
equations along the axis. The laminar counterflow solutions, characterized by various strain
rates, are evaluated and mapped to a suitable progress variable using the strain rate a as a
second independent variable. A mixture average diffusion approach including thermal
diffusion is used in this work.
The manifold generated from the solutions of the canonical flames is stored in flamelet look-up
tables parameterized by the independent variables mixture fraction Z and normalized progress
variable c. Based on these values, the FLUT provides the thermochemical state Φ = Φ(Z, c),
including species mass fractions, temperature and the Lewis number of the progress variable
LeYc
3 as dependent variables. Note that LeYc is based on the Lewis numbers of the species.
It is worth mentioning that the results of the canonical flame configurations could be also
coupled using a hybrid flamelet look-up approach. This topic was recently discussed by Fio-
rina et al. [83] and Wu et al. [22] by partitioning the partially premixed combustion region.
To distinguish between premixed and diffusion flame burning, a proper definition of a flame
index [83] or an appropriate error function [22] is needed. A further extensions of the tabula-
tion strategy, e.g. the influence of enthalpy loss (△h), transient effects (t) or the strain rate
(a) as a second progress variable, are possible, but beyond the scope of this work.
3 calculated according to Verhoeven et al. [82]
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2.3.3 Accuracy evaluation of the FLUT
Possible approaches to pre-evaluate the suitability of a FLUT are an a priori/prior and an
a posteriori analysis. These types of analysis have been successfully applied for different
benchmark flames [34, 36, 37, 84].
In an a priori/prior analysis, a reference mixture fraction Z and a reference progress variable
Yc are needed as inputs for the FLUTs. The full thermochemical state is then retrieved from
the manifold and is compared to the reference results. This method allows a direct evaluation
of whether the pre-calculated FLUT can correctly recover the thermochemical state of the
reference solution by assuming identical flow behavior. In an a posteriori analysis, the flamelet
tables are directly coupled to the solution of the flow field, allowing a direct comparison with
the reference solution. Therefore, a quantitative assessment of the fully coupled chemistry
model can be achieved. The input, output and variables for the comparison of both approaches
(used in this work) are summarized in Table 2.4. Note that the expression “RR” if used if
only experimental-accessible species are considered.
method input output compared to
prior ZRRB , Yc
RR ΦFLUT(ZRRB , cRR) Φ(ZRRB , cRR)
a priori ZFTCtran , YcFTCtran ΦFLUT(ZFTCtran , cFTCtran ) Φ(ZFTCtran , cFTCtran )
a posteriori ZFPVtran , YcFPVtran Φ(ZFPVtran , cFPVtran ) Φ(ZRRB , cRR)
Φ(ZFTCtran , cFTCtran )
Table 2.4: Quantities in an a priori/prior and a posteriori analyses.
Since the a posteriori analysis is based on a fully coupled CFD solution, no further reference
values are needed as input. In contrast, the a priori/prior analysis needs reference values for
the independent variables Z and Yc. The reference values can, for instance, be gained by
carrying out a detailed simulation of a laminar flow system with full transport and chemistry
(FTC) (a priori analysis). However, the instantaneous Raman/Rayleigh data also offers an
opportunity to evaluate an experimentally based mixture fraction ZRRB and progress vari-
able Y RRc as input (prior analysis). In addition, both approaches need a reference for the
thermochemical state Φ for comparison.
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2.4 a constrained control approach for the automated choice of an
optimal progress variable for chemistry tabulation
Flame structure look-up table approaches, e.g. the FPV approach, are based on the definition
of a suitable progress variable (see Section 2.1.3). The most important issue is the unique
mapping between the progress variable and the independent variable m ∈ M achieved by
generic flame configurations (e.g. x, χZtran or a). This unique mapping can be ensured when
the progress variable is monotonic for the independent variable considered. For simple fuel-
oxidizer compositions, an appropriate progress variable can be found by analyzing the flame
structure manually. However, in the case of complex chemical systems, finding a progress
variable of this kind is a non-trivial task, since there is often a lack of monotonicity in the
main species mass fractions. Therefore, an automated procedure using a genetic algorithm
was developed by Prüfert et al. [46]. This optimization approach, with an adapted objective
function, is used in this work and the main characteristics are briefly summarized.
Based on the requirements for a well-defined progress variable, a degenerated optimization
problem was obtained. This optimization problem includes the strict monotonicity of the
progress variable over the independent variable as well as a threshold to the absolute value
of the species derivative with respect to the progress variable. Note that a progress variable
can be uniquely identified by its coefficient vector α. In general, there has to be no limitation
on α and it can be taken from RN . Nevertheless it is advantageous for the algorithm and
the convergence time to set some restrictions regarding the coefficient vector. In order to
retain a convex problem, α has to be chosen from a bounded and convex subset of RN , e.g.
α ∈ [−n,n]N , where n is a positive real number. In this work n is chosen as one (α ∈ {−1, 0, 1}),
representing the widely used heuristic selection of species to form a progress variable [44].
By considering that, in most applications, the number of major species is not larger than
onehundred, genetic algorithms were shown to be a feasible choice. In this case, the objective
function does not need to be differentiable and can be chosen as non-continuous. This offers
a more pragmatic choice of the objective function and gives the advantage that the objective
function can be freely defined, e.g. to fit the the requirements of the FPV approach for
chemistry tabulation. The genetic algorithm to solve the optimization problem can be found
in [46].
2.4.1 The objective function and individual customization of the optimization subsets
Finding a progress variable which is optimal, in the sense that no information is lost during
the mapping, is one demand of the objective function. Thus, this work uses an intuitive
approach reflecting the interpolation procedure of the flamelet look-up in a fully coupled
FPV simulation. This essentially means that the original species profiles Yi(m) are directly
compared to the interpolated values Yi(Yc(m;α)) for each coefficient vector α in the genetic
algorithm. The relative error is then evaluated and minimized using the genetic algorithm.
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The optimization problem, including the adapted objective function, can then be written as
follows:
min
α∈RN f (m;α) ∶= ∣Yi(m)−Yi(Yc(m;α))∣Yi(m)
subject to
Yc(m+ δ;α)−Yc(m;α) ≥ 0, ∀m ∈M , ∀δ > 0 (monotonicity) (2.35)
and
Yc(m;α) ∶= N∑
i=1αiYi(m), m ∈M .
It should be taken into account that the data Yi(m) are obtained by a numerical simulation
and hence only exists at discrete points mn, n = 1, ...,NM . Thus, the discrete approximations
of the derivatives, i.e. finite differences, have to be used.
A further extension to the approach proposed by Prüfert et al. [46] is the introduction of two
different species data sets for the optimization, Y and Yα. The original approach used all
species from the chemical mechanism to evaluate the objective function. This is in general
not necessary and increases the computation time drastically. The adapted algorithm offers
an opportunity to define a species set Y, containing the species which are to be included
in the calculation of the objective function. Further, a set Yα is introduced containing all
species which should be involved in the progress variable definition. The weighting factors
for all remaining species is fixed at zero. This provides the possibility to choose only species
available from Raman/Rayleigh measurements and define a progress variable which is directly
applicable to experimental data. Note that these data sets can also be used as a filter for
numerical noise, eliminating all species mass fraction with nearly zero values from the data
set.
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NUMERICAL AND EXPERIMENTAL TEST CASES
This section provides an overview of the fully resolved laminar and turbulent flame config-
urations considered in this thesis. Further, the analyzed experimental setups are described,
including the burner configuration, boundary conditions and available measured data.
3.1 fully resolved laminar flames
In this work, fully resolved laminar flame calculations are performed for compositions of
methane/air (1D counterflow, 2D triple flame) and dimethyl ether/air (quasi 2D jet flame).
The species conservation equations are resolved as detailed chemistry calculations without
modeling. The numerical setups used are described in the following.
3.1.1 Counterflow flames (1D - methane/air)
Solutions of the laminar counterflow flames were calculated by solving a steady-state problem
(see Section 2.2.2) with the in-house Universal Laminar Flame solver [85, 86]. The chemistry
was modeled using the GRI-Mech 3.0 mechanism [87] and a mixture average diffusion ap-
proach including thermal diffusion was employed.
The flames considered in this study are listed in Table 3.1.
inlet 1 inlet 2
ϕ1 u1 (ms−1) ϕ2 u2 (ms−1) a (1/s)
NP 0.0 0.05 ∞ 0.05 16
R2P 1.0 0.4 1.0 0.4 133
PP1 0.7 0.29 1.4 0.39 114
PP2 0.4 0.32 1.8 0.28 60
PP3 0 0.31 4.8 0.3 101
Table 3.1: Inlet compositions for the methane/air counterflow cases.
The first configuration is a non-premixed flame with air for inlet 1 and pure methane for
inlet 2. The second configuration is a R2P configuration, representing a strained premixed
flame. The three partially premixed (PP) flames have computational boundary conditions
25
numerical and experimental test cases
prescribed to match the temperature and major species profiles of experimental counterflow
flames, described below (see Section 3.3.1). The inlet compositions are specifically chosen
as follows. PP1 has lean and rich inlet conditions that are inside the flammability range
(ϕFRCH4/air=[0.5,1.7]), while PP2 has inlet conditions that are both outside the flammability
range. PP3 has a rich-side equivalence ratio of 4.8, which matches the jet composition of
recent experiments on piloted turbulent flames [5, 88].
3.1.2 Triple flame (2D - methane/air)
The second laminar fully-resolved configuration investigated is the 2D laminar triple flame
(see Figure 3.1), which was previously considered in studies of multi-regime combustion [20–
22]. By introducing an equivalence ratio stratification into the inflowing mixture, a complex
flame structure is established consisting of lean and rich premixed flame branches with an
embedded non-premixed flame.
triple point
∂Ztran
∂y
non-premixed flame
rich premixed flame
lean premixed flameZtran,min
Ztran,max
x
y
Figure 3.1: Diagram of the flame structure for a triple flame.
(Ztran,min=0 and Ztran,max=0.42)
The boundary conditions of the laminar triple flame setup considered are chosen as described
by Wu et al. [22], using a certain level of stratification (∂Ztran/∂y=50m−1, Ztran ∈ [0, 0.42]),
an inflow temperature of T=300K and a pressure of p=1 bar. Computations are performed
with the laminar solver diffusionFoam [73] based on OpenFOAM™ 2.1. The thermodynamic
properties and the chemical source terms are evaluated using the Cantera library [89]. The
EGLIB package [90] is used to evaluate the transport properties. The chemistry was modeled
using the GRI-Mech 3.0 mechanism [87], and a unity Lewis number approach is employed
for the species diffusive transport, which is in line with [22]. The computational domain of
0.02m×0.015m (x× y) is discretized with 400×300 equidistant grid points.
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3.1.3 Jet flames (quasi 2D - dimethyl ether/air)
The numerical simulation and analysis of laminar DME/air jet flames, characterized by three
different partially premixed inlet mixture compositions, is one of the main topics of this
thesis. The cases are named DME-L1, DME-L2, and DME-L3 in line with [6, 13]. Based
on the partially premixed inlet mixture, a flame structure can be seen consisting of a central
premixed inner flame cone surrounded by a stratified non-premixed post-oxidation region (see
Figure 3.2).
non-premixed flame region
non-premixed flame region
premixed flame cone
x
r
Figure 3.2: Diagram of the flame structure for the partially premixed DME/air jet
flame.
The gas compositions of these flames are provided in Table 3.2, the initial pressure is atmo-
spheric and the initial temperature 290K for all three cases.
Re ϕ uin DME N2 O2 AR H2O CO2
[-] [-] [ms−1] [mole mole−1]
main jet
DME-L1 ∼1730 1.85 2.7 0.114 0.6911 0.1854 0.0083 0.0009 0.0003
DME-L2 ∼1880 5.5 2.3 0.281 0.5608 0.1504 0.0068 0.0007 0.0003
DME-L3 ∼1530 3.57 2.3 0.200 0.6247 0.1675 0.0075 0.0000 0.0003
co-flow
air 0.3 0.7800 0.2090 0.0097 0.0010 0.0003
Table 3.2: Species mole fractions of the unburned gas and flow characteristics of the partially
premixed flames DME-L1, DME-L2 and DME-L3.
Fully resolved computations are performed with the laminar solver diffusionFoam [60, 73, 91]
based on OpenFOAM™ 2.1. To calculate the diffusion coefficients, a mixture average diffusion
modeling approach is used. Further, radiation effects are taken into account (see Section 2.2.3).
A quasi two-dimensional, wedge-shaped axisymmetric mesh is used with a total length of 0.4m
and 29,700 hexahedral cells. A local refinement is performed near the region of the main
chemical reactions and diffusion processes. Further, to correctly account for the species and
energy transport at the base of the flame, the CFD domain is expanded in the direction of the
nozzle, as proposed by Messig et al. [73]. There is assumed to be a fully developed parabolic
profile at the inner fuel nozzle inlet and a plug flow profile for the secondary air stream. An
investigation of different available DME mechanisms is performed in Appendix 10.3.1. Based
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on this analysis, the chemical mechanism developed by Zhao et al. [92], employing 55 species
and 290 reactions, is used.
The numerical setup of the partially premixed DME flames corresponds to experiments con-
ducted by Fuest et al. [6, 13]. The experimental setup will be described in Section 3.3.2.
3.2 fully resolved turbulent flames
The turbulent numerical setup considered in this thesis is a 3D DNS of a temporally evolving
syngas jet, which was originally proposed by Hawkes et al. [1].
3.2.1 Temporally evolving non-premixed jet (3D - hydrogen/carbon monoxide/air)
The 3D turbulent DNS setup of a temporally evolving syngas jet, considered as a well-
established benchmark case, is illustrated in Figure 3.3.L
L (periodic)
L (periodic)
L
(outlet)
x2
Ztran,min
Oxidizer
Oxidizer
Fuel
Ztran v
x1 x3
x2
u
w w
x1
x3
Figure 3.3: Setup of the DNS together with a sketch of the initial profiles of Z¯tran and u¯.
The values wv and wZtran denote the initial jet widths of the velocity and mixture
fractions field, respectively.
A non-premixed flame is established by counterflowing streams of fuel (50%CO, 10%H2,
40%N2) and oxidizer (25%O2, 75%N2), and the element-based stoichiometric mixture frac-
tion is Ztran,st = 0.42. The domain is discretized on a Cartesian grid of 512 x 1025 x 1024
grid points. Keeping the resolution comparable to the original DNS case, the domain size
is chosen as Lx1 = 7wv in a span-wise direction, Lx2 = 14wv in a cross-stream direction and
Lx3 = 14wv in a stream-wise direction. The value wv denotes the initial width of the jet, see
Figure 3.3, and is set to 1.37 mm. The cold flow Reynolds number of the central fuel jet is
Re = 9075. The initial resolution is about 0.5 grid points across the minimum Kolmogorov
scale. Periodic boundary conditions are used for the stream-wise (x3) and span-wise (x1)
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directions while the cross-stream (x2) direction is defined as the outlet. More details on the
specific case and the data analyzed here can be found in [93].
3.3 experimental 1d raman/rayleigh data of laminar flames
Two laminar experimental flame setups, for which 1D Raman/Rayleigh scattering data are
available, are considered as test cases to evaluate the approaches proposed in this thesis.
3.3.1 Partially premixed counterflow flames (methane/air)
In order to conduct a direct comparison of experimental and numerical results, a horizontally
oriented counterflow burner was constructed with laser windows at each end of the assembly,
allowing the Raman/Rayleigh laser beam to be aligned along the axis of the counterflow inlet
tubes. Thus, it was possible to measure the whole laminar flame structure in the 6 mm
length of the 1D probe volume. The windows were each located 30 cm from the laser focus to
avoid damage from the high-power beam (1.0 J/pulse at 532 nm and a pulse length of 400 ns
FWHM (full width at half maximum)). Figure 3.4 illustrates the center region of the burner
assembly.
flame disc
laser
beams
inlet 2inlet 1
N2N2
N2N2
Figure 3.4: Illustration of the center portion of the horizontally oriented counterflow burner.
The two inlet tubes had an inner diameter of 11.1 mm and were separated by 13.0 mm. Each
tube was 175 mm long and was fed independently through an annular plenum chamber by
calibrated mass flow controllers for methane and air. Each inlet tube was surrounded by a
laminar flow of nitrogen in a concentric annulus which was 51 mm in diameter. Nitrogen
flows passed through four perforated plates and a wire mesh for uniformity. The flow rates
were adjusted for each case to achieve the best visual stability of the luminous flame. The
operating range of the burner was limited on the low velocity side by buoyancy effects and the
need to keep the overall flame thickness below 6 mm due to the extension of the probe volume.
Operation was limited on the high velocity side by internal flow instabilities. However, flat,
disc-shaped, partially premixed flames were successfully stabilized over a modest range of
conditions, including the partially premixed flame configurations (PP1, PP2, PP3) listed in
Table 3.1.
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The diagnostic system and the methods of calibration and data processing have been described
recently in detail [5, 30, 94] and are only briefly outlined here. The Raman/Rayleigh mea-
surements of the temperature and major species (N2, O2, CH4, CO2, H2O, CO, H2) used the
combined beams from four Nd/YAG lasers to deliver a total energy of 1.0 J/pulse at 532 nm.
The pulse energy was reduced to this level to eliminate any laser-induced breakdown events
(sparks) that would blow out the flame. CO was also measured by laser-induced fluorescence
(LIF), which yields lower noise at low concentrations and is less affected by hydrocarbon
fluorescence interference than the Raman CO measurements. The laser beam for CO-LIF
(excitation wavelength 230.1 nm) was aligned through the counterflow burner coaxially with
the Raman/Rayleigh excitation laser beam (532 nm), as illustrated in Figure 3.4. Raman,
Rayleigh, and CO-LIF signals were collected with a projected data spacing of 0.02 mm along
the 6 mm probe volume, and these signals were processed using a method of wavelet adaptive
thresholding and reconstruction (WATR) [95]. Conversion to temperature and species mass
was carried out using the hybrid matrix inversion method [96].
3.3.2 Jet flames (dimethyl ether/air)
The experimental configuration of the laminar DME jet flames has been described by Fuest
et al. [13]. The main characteristics of the experimental setups will be briefly summarized.
A straight tube with an inner diameter of 0.8 cm and a length of 40 cm was used for the DME
jet flame investigations. The end of the tube has a machined taper, so that there is a thin
wall at the exit. The main jet is defined as the laminar stream of the partially premixed
DME/air mixture and is located in a square wind-tunnel with an edge length of 25 cm. A
laminar air co-flow shields the flame. The different inlet streams of the burner are shown in
Figure 3.5.
co-flow co-flowmain
jet
0.8 cm
25 cm
0.01 cm
Figure 3.5: Diagram of the burner.
Methods for calibration, flame data post-processing and the diagnostic system are similar to
the description in Section 3.3.1. Line-imaged Raman/Rayleigh and CO-LIF measurements
are available in a radial direction at a position of x = 2 cm downstream of the nozzle exit. They
yield the species mole fractions (XH2 , XH2O, XCO, XCO2 , XHC, XO2 and XN2) for validation.
Based on the measured Rayleigh signal and the species mole fractions, an experimental tem-
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perature profile was calculated for the same radius. The evaluation of the Rayleigh signal, as
well as an improved error assessment using the Rayleigh cross section in the simulation, are
discussed in Appendix 10.3.2.
3.4 experimental 1d raman/rayleigh data of turbulent flames
A mildly turbulent lifted methane/air flame and three turbulent benchmark flames [12], for
which 1D Raman/Rayleigh scattering data are available, are considered. The corresponding
experimental configurations are introduced in the following sections.
3.4.1 Lifted partially premixed jet flame (methane/air)
Raman/Rayleigh data were acquired in the stabilization region of a mildly turbulent lifted
flame (jet exit Reynolds number of 2000) (see Figure 3.6).
6 mm
probe
36 mm
Figure 3.6: Illustration of the mildly turbulent lifted flame.
The experimental study of the mildly turbulent lifted methane/air flame used the same exper-
imental setup as the laminar dimethyl ether/air jet flames (see Section 3.3.2). The straight
tube was supplied with methane/air (2:1 volume ratio, ϕ= 4.8) and was surrounded by a
laminar air co-flow, producing an average liftoff height of roughly 36 mm (4.5 jet exit di-
ameters) based on flame luminosity. The laser probe volume was placed in the stabilization
region on one side of the annular flame, such that the leading edge of the lifted flame fluctu-
ated above and below the laser position. This allowed instantaneous flame structures to be
sampled at varying downstream distances from the leading edge, which may be expected to
have the structure of a triple flame [97, 98] and should therefore show similarities to the 2D
laminar triple flame simulation (see Section 3.1.2). The methods for calibration, flame data
post-processing and the diagnostic system are similar to the description in Section 3.3.1.
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3.4.2 Turbulent stratified flames (TSFs, methane/air)
The turbulent stratified flames were investigated at TU Darmstadt. The burner configuration
is described in detail in Kuenne et al. [99] and Seffrin et al. [100] and is only briefly revisited
here. The setup consists of three concentric tubes (staged for optical access) placed in a
0.1m s−1 air co-flow. Burnt gases from a methane/air flame at an equivalence ratio of the
pilot of ϕ=0.9 exit the central pilot tube to stabilize the flame. The inner radii of the
pilot, first and second tubes are 7.4mm, 18.5mm and 30mm, respectively. Lean unburnt
methane/air mixtures issue from the first (ϕ1) and second (ϕ2) annulus.
The TSF burner configuration can be operated under a variety of conditions, e.g. considering
different equivalence ratios in the first and the second tube (leading to stratification) or cases
with varying bulk exit velocities (u1 and u2) for the first and second tube (leading to shear).
The cases considered in this thesis, a case without stratification and shear (TSF-G), one with
stratification but no shear (TSF-A) and one with stratification and shear (TSF-C), are listed
in Table 3.3.
stratification shear
TSF-G No (ϕ1 = ϕ2 = 0.9) No (u1 = u2 = 10 m/s)
TSF-A Yes (ϕ1 = 0.9, ϕ2 = 0.6) No (u1 = u2 = 10 m/s)
TSF-C Yes (ϕ1 = 0.9, ϕ2 = 0.6) Yes (u1 = 10 m/s , u2 = 5 m/s)
Table 3.3: Chosen experimental configurations of the turbulent stratified flames.
Previous studies have been performed in various publications comparing numerical and ex-
perimental results for the TSF-G [100–103], TSF-A [99–105], and TSF-C [100, 105]).
3.4.3 Sydney/Sandia flame with inhomogeneous inlets (Sydney/Sandia, methane/air)
The Sydney burner with inhomogeneous inlets is an evolution of the well-established piloted
burner used by both Sydney University and Sandia [38, 106] and is described in detail in [5,
107, 108]. It is built of two concentric tubes surrounded by a pilot. The burner configuration
was placed in a wind tunnel supplying a coflowing air stream at a fixed co-flow velocity. For
the case considered, methane, the fuel, is issued through the central tube (inner diameter
of 4.0 mm) and air flows through the surrounding second tube (inside diameter of 7.5 mm).
Near equilibrium products of a stoichiometric mixture are issued from the pilot annulus (inner
diameter of 18 mm) for flame stabilization. The innermost tube can be retracted upstream
of the burner exit plane, leading to inhomogeneous inlet compositions. Near-homogeneous
mixing occurs when the inner tube is recessed by 300mm (case FJ200-5GP-Lr300-59, see [5]),
which is the case considered here. It was shown to be very similar to the well-established
Sandia piloted flames [5].
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3.4.4 Partially premixed jet flames (DME-D, dimethyl ether/air)
The piloted DME flame-D [12, 109] is directly derived from the Sandia flame series of piloted,
partially premixed methane jet flames [106] and can be considered a first step towards more
complex fuels. The fuel jet inner diameter is 7.45mm and the pilot annulus inner and outer
diameters are 8mm and 18.2mm, respectively. The bulk velocity of the fuel jet is u=45.9m s−1,
which corresponds to a Reynolds number of Re=29300. The fuel is a homogeneous, partially
premixed DME/air mixture with an equivalence ratio of ϕ=3.57, surrounded by a pilot stream
(u=1.1m s−1 pilot velocity, ϕ=0.6). The burner configuration was placed in a wind tunnel
supplying a coflowing air stream at a fixed velocity. For instance Coriton et al. [16] (LES-
CMC) and Popp et al. [19] (LES-FPV) studied the turbulent DME-D flame numerically and
confirmed the non-premixed flame structure which can be captured with a unity Lewis number
approach.
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4
GRADIENT -FREE REGIME IDENTIF ICAT ION (GFR I ) :
DEVELOPMENT OF THE REACTION ZONE DETECTION AND
CHARACTERIZAT ION APPROACH
The objective of this chapter is to propose a detection and regime characterization approach
applicable to spatial 1D Raman/Rayleigh line data. Quantitative information on major
species concentrations and temperature is only required in 1D to examine the spatial change
in relevant regime markers, rather than full quantitative 3D information. This is described
as “gradient-free” in the remainder of the thesis. As part of this overall method, a novel
technique was introduced which allows the CM and the HRR to be calculated starting from
data on the temperature and major species only. This technique was thoroughly tested
using numerical simulations of laminar counterflow flames across a range of combustion
regimes and parameters.
Specifically, two particular questions are addressed here:
1. Can gradient-free flame markers be used to detect local reaction zones and, if so, can
these flame markers be computed from 1D major species concentrations and tempera-
tures derived from Raman/Rayleigh scattering?
2. Can combinations of these flame markers together with the quantitative
Raman/Rayleigh data provide sufficient information to characterize the local reaction
zone structure?
Several canonical counterflow flames (fully resolved laminar calculations) are investigated in
this chapter to identify combinations of relevant flame markers used to detect and characterize
the reaction zone.
4.1 method for the calculation of flame markers
The calculation of the CM and the HRR1 requires knowledge of the full thermochemical state,
including radicals and minor species. It is proposed that this full state can be approximated
by running a homogeneous constant-pressure batch reactor (HR) calculation using the Ra-
1 Note that the calculation of the HRR based on the full thermochemical state is one possibility. Another
opportunity would be the use of global mechanisms.
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man/Rayleigh accessible scalars as input. During this calculation, the temperature is fixed at
the measured value, and the measured Raman species as well as their sum are constrained to
remain in the bounds of the reported experimental uncertainties (see Appendix 10.1). Specifi-
cally, if the change in a single Raman species exceeds the experimental uncertainty, the source
term for that species is set to zero. Furthermore, the HR calculation is terminated when the
sum of the approximated Raman species mole fractions exceeds the initial sum of the Ra-
man species plus an offset calculated based on the experimental uncertainty for each of the
Raman species. CM and HRR are calculated from this approximated full thermochemical
state. The left side of Figure 4.1 illustrates the workflow for calculating the flame markers
from Raman/Rayleigh measurements (experimentally based).
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Figure 4.1: Workflow for the calculation of flame markers from experimental (left) and
numerical (right) data. The Raman/Rayleigh accessible scalars are ΦRR =[T ,YN2 ,YO2 ,Yfuel,YCO2 ,YH2O,YCO,YH2]. Superscripts exp and num refer to ex-
perimental and numerical data, respectively. Subscripts fil, un, and app refer
to spatially-filtered, uncertainty-added, and approximate-full-state versions of
the data. HR indicates a constrained homogeneous batch reactor calculation,
which generates the approximated full thermochemical state from the initial Ra-
man/Rayleigh accessible scalars.
In order to test the validity and robustness of this approach, 1D data from fully-resolved
numerical simulations were used, and Raman/Rayleigh equivalent data were generated from
these fully-resolved results. The workflow for the generation of Raman/Rayleigh equivalent
data from the fully-resolved simulations and the subsequent calculation of the flame markers
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is illustrated on the right side of Figure 4.1 (numerically based) and includes the following
main steps:
• Spatially filter: A beam diameter of roughly 0.2 mm is typical for Raman/Rayleigh
experiments, while data spacing along the laser line varies between 0.02 mm and 0.2 mm
depending on the experimental setup. Therefore, as a conservative choice, a 0.2 mm
top hat filter was applied to the fully resolved scalar data, Φnum, yielding the spatially
filtered scalar vector, Φnumfil .
• Reduce information: The spatially filtered numerical results were reduced to include
only temperature and the Raman-accessible major species, Φnum,RRfil .
• Add uncertainty: Experimental accuracy (estimated uncertainty in the mean) was ac-
counted for by adding a fixed offset to the Raman species and the temperature. Precision
(measured root mean square (RMS) noise), which depends on the number density of
each Raman species, was accounted for by adding normally distributed scatter. This
results in a Raman/Rayleigh equivalent data set, Φnum,RRfil,un .
This Raman/Rayleigh equivalent data was used as input to the constrained homogeneous
reactor calculation to produce the approximated full thermochemical state, Φnum,RRfil,un,app. Note
that XOH is an experimentally accessible scalar of interest to be added in future
Raman/Rayleigh/LIF experiments. Preliminary analysis has shown that inclusion of OH in
the input to the HR calculation leads, especially for high strain rate calculation, to
improved results for the CM profiles and the HHR compared to the reference numerical
results. This improvement is mainly based on a faster attainment of the steady state in the
approximation procedure.
It should be noted that this heuristic procedure worked well for all cases considered in this
thesis. Specifically, the flame markers calculated based on the approximated Φnum,RRfil,un,app and
the fully resolved numerical state Φnum compare very well, see Section 4.2. Other potential
approximation approaches such as constrained chemical equilibrium (CEQ) [110] were not
applied as successfully as the HR method and were therefore not considered further.
4.2 an approach for reaction zone detection and characterization
In this section, a gradient-free regime identification (GFRI) approach for reaction zone detec-
tion and characterization is developed using the numerical data from the laminar simulation
cases described in Section 3.1.1. This is done in two steps. First, the flame markers are eval-
uated using the full numerical counterflow data, and combinations of markers are proposed
that can be used to reliably detect and characterize local reaction zones as premixed or non-
premixed. Second, the markers calculated from the approximated numerical state, Φnum,RRfil,un,app,
are compared to those from the full numerical state, and the robustness of the approximation
is evaluated.
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4.2.1 Analysis using fully resolved partially premixed counterflow flame data
As the first step, the flame markers are studied using the original (Φnum) and the spatially
filtered (Φnumfil ) numerical results. Figure 4.2 shows the results for all five counterflow flames
in columns, while the different rows are arranged as follows. In the first and second row from
the top, the CM values and the HRR are shown. In the third and fourth row, XOH and the
mixture fraction are plotted, along with the temperature and selected major species mole
fractions. Characteristics of the flame markers are summarized for a comprehensive overview
of possible combinations in the bottom row. For comparison, the flame index according to
Eq. (2.1) is shown as the background color, using red for a premixed (ξp=1) and blue for a
non-premixed (ξp=0) flame in the top four rows.
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Figure 4.2: The GFRI analysis of the canonical flame cases (NP, R2P, PP1, PP2, PP3) based
on Φnum and Φnumfil . The flame index based on Eq. (2.1) is visualized as back-
ground colors for comparison (red - premixed, blue - non-premixed). The main
characteristics of the HRR, the CM, XOH, and ZRRB are summarized in the last
row. Horizontal bars below each row show the regions where the different markers
are active. Vertical lines in the last row denote the position of the premixed (red)
and non-premixed (blue) reaction zones, respectively.
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As an initial observation, it can be clearly stated from the results shown for the CM and the
HRR in the two top rows in Figure 4.2 that the lines are almost identical and there are only
negligible differences between Φnum and Φnumfil . Therefore, only the results for the spatially
filtered data are discussed in the following. The non-premixed configuration, shown in the
leftmost column in Figure 4.2, is in line with the characterization of the flame index and a
blue background color is shown. No zero-crossing for the CM can be observed. In fact, the
CM value is either zero or negative throughout the flame region. This finding also holds for
higher strain rates up to extinction (not shown). As expected, the highest HRR can be found
in the vicinity of ZRRB,st (the stoichiometric mixture fraction location is always marked with
a red dot in the third row) where XOH also peaks. Next, the premixed R2P configuration
is investigated, noting the red background color according to the flame index between 1 mm
and 6 mm. Here, a CM zero-crossing (the largest eigenvalue changes sign from positive to
negative) accompanied by a steep CM gradient can be clearly identified at an axial position
of x=1 mm, which coincides with the position of the maximum HRR. As shown in previous
studies using chemical explosive mode analysis [48, 49], a zero-crossing with a steep gradient
is a clear indicator for a premixed reaction zone. The initial increase in the CM indicates
the relatively inert preheat zone. The major species and the temperature are consistent with
these flame structures both for the NP and the R2P case.
The third column in Figure 4.2 shows the PP1 case, for which lean and rich reactant mixtures
are both in the flammability range. According to the flame index, a non-premixed flame is
embedded between two premixed flames. The CM profile shows two zero-crossings, each with
sharp CM gradients, coinciding with HRR peaks. A third but smaller peak in the HRR is
found in the region of negative CM values in the direct vicinity of ZRRB,st. A wide region of
high XOH values can be seen because, for this strain rate, the lean premixed reaction zone
is established as premixed flame outside the region where a gradient in ZRRB,st is observed. In
contrast, the rich premixed reaction zone lies in the ZRRB gradient region. For case PP2,
shown in the fourth column in Figure 4.2, both inlet streams are outside the flammability
range. As for PP1, the flame index identifies a non-premixed flame between two premixed
flames. Two zero-crossings with sharp CM gradients are observed in the CM profile, which
again are very close to the local maxima of the HRR. Similarly to the reasoning for the cases
above, a combination of CM zero-crossing and HRR peak allows a premixed flame to be
identified. However, since the inlet mixtures are outside the flammability range, these two
premixed reaction zones establish where there are gradients in mixture fraction. Both are so
called back-supported premixed flames with stratified reaction zones [38]. In the vicinity of
ZRRB,st, a high HRR and a region of negative CM values are found. As for the NP case, ZRRB,st
is located in the range of negative CM values close to the peak value of XOH.
Based on these results for the counterflow flames, the following conclusions can be drawn with
respect to reaction zone detection and characterization. The order reflects the significance
for further analysis.
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Intermediate summary:
• A CM zero-crossing combined with significant HRR values can identify a premixed
reaction zone. If the local mixture fraction is not constant, the reaction zone is stratified.
• The stoichiometric mixture fraction ZRRB,st combined with negative CM and significant
HRR values can identify a non-premixed reaction zone.
• A gradient in mixture fraction can provide additional information for the reaction zone
to confirm a non-premixed flame at ZRRB,st or to distinguish a stratified-premixed reaction
zone from a purely premixed reaction zone.
• A peak in XOH can be an additional marker for a reaction zone.
• While XOH and HRR peaks are indicators for a reaction zone, a unique characterization
based on these two markers alone is not possible for partially premixed flames.
Note that the CM zero-crossing by itself is a unique identifier for a premixed flame, but the
additional HRR constraint is expected to increase robustness. Thus, the following approach
is proposed for reaction zone detection and characterization:
• Premixed: CM zero-crossing, significant HRR values
• Non-Premixed: negative CM, ZRRB gradient in the vicinity of ZRRB,st, significant HRR
values, (optional) XOH peak
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4.2.2 Analysis using Raman/Rayleigh equivalent data
As described in Section 4.1, Raman/Rayleigh equivalent data, Φnum,RRfil,un , are obtained by
adding experimental uncertainties to the spatially filtered numerical data. The correspond-
ing approximated full thermochemical state, Φnum,RRfil,un,app, is obtained from a constrained ho-
mogeneous batch reactor calculation. The flame markers based on Φnumfil and Φ
num,RR
fil,un,app are
compared in Figure 4.3 using the same arrangement as in Figure 4.2.
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Figure 4.3: The GFRI analysis of the canonical flame cases (NP, R2P, PP1, PP2, PP3) based
on Φnumfil and Φ
num,RR
fil,un,app. The flame index based on Eq. (2.1) is visualized as back-
ground colors for comparison (red - premixed, blue - non-premixed). The main
characteristics of the HRR, the CM, XOH, and ZRRB are summarized in the last
row. Horizontal bars below each row show the regions where the different markers
are active. Vertical lines in the last row denote the position of the premixed (red)
and non-premixed (blue) reaction zones, respectively.
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First, the two markers CM and HRR are considered, since they directly depend on the
approximation procedure. Both the CM zero-crossing and the entire CM profile are
reproduced accurately for the current approach. Differences can be observed in the range of
negative CM values when comparing the approximated and the filtered solution. However,
the CM values stay negative in the expected range. In contrast, discrepancies for the HRR
are more significant. The original peaks in the HRR of case NP, PP2, and PP3 are more
difficult to locate due to the imposed experimental noise. However, the original HRR peaks
in the R2P and PP1 cases are reasonably well captured, and the high level of HRR in the
proximity of the reaction zones in all five counterflow flames clearly allows this marker to be
used in combination with other markers to identify the premixed and non-premixed reaction
zones. The third row of Figure 4.3 shows XOH. Statistical uncertainty in quantitative
OH-LIF are estimated (due to signal trapping errors) to be significantly higher than 10%.
Thus, a normally distributed scatter is imprinted with a precision value of 20% (based on
the peak value) as a conservative estimation here. Note that XOH is less prone to noise than
the HRR when the non-premixed reaction zone is identified. Its peak is located close to the
position of the stoichiometric mixture. Bearing in mind the fact that quantitative OH-LIF
detection has been applied in combination with point-wise Raman/Rayleigh measurements
(e.g. Barlow and Frank [111]) but not in combination with 1D Raman/Rayleigh scattering
in hydrocarbon flames, XOH can be seen as a possible additional experimental marker which
could be used together with the HRR for non-premixed reaction zones. The lowest row
summarizes the combined flame markers for premixed and non-premixed reaction zone
identification, as proposed above, and lead to the following preliminary findings.
Intermediate summary:
• The reproducibility of the CM profile and the zero-crossings allows the CM calculated
from the approximated thermochemical state to be employed as a robust marker for
premixed flames.
• The HRR profile and the location of the maximum values in the premixed reaction zones
are a reliable marker; however, the absolute values derived from the approximated state
may differ from the full numerical solution.
• The combination of the markers for non-premixed flames still provides a suitable detec-
tion and characterization method. Additional information on XOH can further improve
the robustness.
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GRADIENT -FREE REGIME IDENTIF ICAT ION (GFR I ) :
APPL ICAT ION TO FULLY RESOLVED 2D/3D NUMERICAL
RESULTS
The following chapter presents the application of the GFRI approach to more complex nu-
merical flame setups. First, a laminar 2D methane/air triple flame, similar to the flames
studied by Knudsen and Pitsch [20, 21], Echekki and Chen [112] and Wu et al. [22], is investi-
gated. Second, as the most complex numerical test case considered in this work, the DNS of
a non-premixed combustion in a temporally evolving mixing layer [1, 93] is shown. In both
numerical configurations an approximation of the full thermochemical state is considered.
5.1 triple flame (laminar, 2d - methane/air)
As the next step towards more complex multi-dimensional flames, the laminar triple flame
presented in Section 3.1.2 is analyzed using the previously identified flame markers.
The 2D flame structure is illustrated in Figure 5.1, where the temperature is shown in Fig-
ure 5.1(a) and the HRR in Figure 5.1(b). In addition, various iso-contours of ϕ are shown
on the left. The line of stoichiometry is also indicated in both images, and the region of
maximum OH is marked in Figure 5.1(b). The black iso-lines ϕ=0.5 and ϕ=1.7 indicate the
flammability range in the current configuration. It is important to mention that even when the
incoming fuel/air mixture on the rich side is not flammable, i.e. ϕ=1.8, notable temperature
values appear on the rich side due to stratification in ZRRB . The extension of the flammability
range in stratified combustion was for instance discussed by Masri [38]. Further, the spatial
distribution of the HRR confirms the existence of the three reaction zones, two premixed and
an embedded non-premixed flame. They meet at the triple point at almost stoichiometric
conditions. Using the full numerical data, the chemical explosive mode analysis was carried
out. The line of the CM zero-crossing is shown in Figure 5.1(b). First, it can be clearly
observed that this line coincides closely with the region of maximum HRR on the rich and
lean sides. Second, the flame on the rich side extends further downstream than that on the
lean side. Since the stoichiometric position (ZRRB,st=0.0549) is very close to ZRRB =0 (pure air),
a shorter flame develops on the lean side [25]. Nevertheless, the region of CM zero-crossing
is consistent with the observed HRR profile and clearly demonstrates the existence of a lean
premixed reaction zone as well as a rich premixed reaction zone in this configuration. Fur-
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Figure 5.1: (left) Temperature and selected equivalence ratio iso-contours ϕ for the
methane/air triple flame (Φnum). The flammability range is visualized in black
and ZRRB,st (ϕ=1) in cyan. Further, the initial gradient of ZRRB (ZRRB,min=0 and
ZRRB,max=0.42) is visualized in the left part of the figure as well as the position of
the slices (1 - 4) used for a detailed analysis. (right) 2D map of the HRR and
iso-contours of the CM zero-crossing, ZRRB,st and XOH peak for the same triple
flame.
thermore, the trailing non-premixed flame is marked by a region where high HRR and high
XOH exist simultaneously along the stoichiometric iso-contour downstream of the triple point.
These general observations are consistent with the discussion of the triple flame structure in
previous computational studies [20, 22, 25]. Overall, Figure 5.1 gives a clear indication that
the combinations of flame markers proposed in Section 4 are appropriate for identification of
the premixed and non-premixed flame reaction zones in this triple flame example.
The four slices marked in Figure 5.1 are now considered for a further analysis of the appli-
cability of the proposed GFRI approach and the validity of the approximation method to
determine the markers from 1D Raman/Rayleigh data. Using different angles allows us to in-
vestigate the influence of the orientation between the reaction zone and a potential laser line.
Employing the same strategy as above, we consider the impact of experimental uncertain-
ties and the reconstruction of the full thermochemical state from Raman/Rayleigh equivalent
data. Differences between results from spatially filtered data and fully resolved data were
again negligible, so that the comparison is not shown. Note that the results of slice 1 and
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slice 4 are based on a projection on y. The results based on the filtered numerical data and
the Raman/Rayleigh equivalent data are presented in Figure 5.2.
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Figure 5.2: The GFRI analysis on four slices of the triple flame based on Φnumfil and Φ
num,RR
fil,un,app.
The result of the flame index based on Eq. (2.1) (red - premixed, blue - non-
premixed) is visualized for comparison. Horizontal bars below each row show
the regions where the different markers are active. Vertical lines in the last row
denote the position of the premixed (red) and non-premixed (blue) reaction zones,
respectively.
Again, the conventional flame index result is used as the background color, and the combina-
tions of flame markers are summarized in the bottom row. Each of the four columns contains
the results for one slice, with the rows arranged identically to Figure 4.2. Before the four
slices are analyzed individually, it should be noted that the approximation has a minor influ-
ence on the locations of the CM zero-crossings. The HRR also shows reasonable agreement
between the filtered and the approximated data sets, which is consistent with findings for the
counterflow flames. slice 1 and slice 2 cross the stoichiometric contour at the same location
but with different inclinations in order to demonstrate that the current method does not
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rely on the orientation with respect to the scalar gradients and thereby on quantitative 3D
gradients. Two CM zero-crossings can be clearly identified for both slices, indicating the rich
and lean premixed reaction zones. Further downstream, only one CM zero-crossing on the
rich side appears in slice 3 and slice 4. Regarding the detection of premixed reaction zones,
high HRR values appear close to the locations of the CM zero-crossings in all four slices. It is
interesting to note that the weak premixed reaction zone in slice 4 is significantly influenced
by the non-premixed reaction zone, indicated by the smooth change from positive to the
negative minimum during the CM zero-crossing, which is locate outside the rich flammability
limit. By contrast slice 3, with a stronger premixed flame, shows a sharp CM gradient at the
CM zero-crossing. The non-premixed reaction zone can be clearly identified in each slice by
negative CM values and significant HRR found in the vicinity of ZRRB,st. Furthermore, the ob-
served XOH profile confirms the existence of a non-premixed reaction zone. These conclusions
remain valid whether the full numerical data, Φnumfil , or the approximated state, Φ
num,RR
fil,un,app, is
used. The CM results from the approximation deviate from the full numerical CM curve on
the fuel lean side of the non-premixed flame in both slice 3 and slice 4. However, this is of
no consequence in detecting and characterizing the reaction zones.
Finally, comparing these findings with the well-established flame index shows that the
gradient-based flame index predicts a lean premixed flame in regions where there is no CM
zero-crossing. This effect can be seen in slice 3 and slice 4, which are downstream of the
point where the lean premixed branch terminates. As discussed in the n-heptane triple
flame analysis by Knudsen and Pitsch [20], the combustion regime identifier, in contrast to
the flame index, confirms the existence of much larger non-premixed regions downstream of
the leading premixed flame. The same structure as identified by their combustion regime
identifier are found in slice 3 and slice 4, which can be deduced from the large region of
negative CM values. Lean premixed flames are not identified in slice 3 and slice 4 with the
current method as a CM zero-crossing is not observed.
5.2 temporally evolving non-premixed jet (turbulent, 3d - hydro-
gen/carbon monoxide/air)
While the new method was shown to detect reaction zones and characterize the local com-
bustion regime reliably even for complex flames, the influence of turbulence, which results
for instance in a wrinkling of the flame front, was not considered in the previous analyses.
Therefore, before the new method is applied directly to experimental Raman/Rayleigh data
on turbulent flames in Section 6, DNS data of a temporally evolving CO/H2 jet is analyzed
in order to test the method for turbulent conditions.
Figure 5.3 (top) shows a snapshot of the stoichiometric mixture fraction iso-surface
(Ztransp,st = 0.42), which is further magnified in the two lower subfigures. In these two plots,
the gradients of the mixture fraction and the progress variable (sum of CO+CO2+H2+H2O)
are shown at selected locations. The different orientations already confirm that the local
structure is not a perfect non-premixed flamelet structure for which both gradients would
46
gfri: application to fully resolved 2d/3d numerical results
be aligned. Looking at the lower right figure, three different potential laser beams are
illustrated, which are used for the following 1D analysis and are intended to account for the
arbitrary orientation of the reaction zone relative to the experimental 1D probe volume.
probe volume(s)∇YC
∇Ztran
∇Ztran ∇YC
Ztran
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x2 x2x1
x1x3
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Figure 5.3: (top) Snapshot of the DNS (based on [1]) together with the stoichiometric mixture
fraction iso-surface (Ztran = Ztran,st). (bottom left) Visualization of possible align-
ments of the mixture fraction gradient ∇Ztran and the gradient of the progress
variable ∇Yc (Yc = CO+CO2+H2+H2O) on the stoichiometric mixture fraction
iso-surface. (bottom right) Realization of a single position and the lines evaluated
through the flame front.
Identically to the above analyses, the approximated state Φnum,RRfil,un,app and the corresponding
markers are evaluated along these lines. The results are presented in Figure 5.4. The position
of the stoichiometric mixture fraction, which is identical for all three selected locations, is
indicated by a red dot with a grey circle.
Most importantly, the CM and the HRR can be calculated from the approximated state
also for these turbulent conditions. Only negative CM values are observed, so no premixed
reaction zone can be identified. High HRRs in the vicinity of the stoichiometric mixture
fraction clearly indicate the existence of a reaction zone. However, especially in comparison
with the laminar cases investigated above, it can be seen that the peaks in the HRR are not
as distinct, which can be attributed to the turbulent environment. The effect of turbulence
is also reflected in the mixture fraction profile, which shows a wrinkling for probe
volume #2. Nevertheless, since the method looks for regions with substantial HRR and not
necessarily a maximum, the detection is still robust.
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Figure 5.4: Illustration of the GFRI approach of a temporally evolving non-premixed syngas
jet based on Φnumfil and Φ
num,RR
fil,un,app. Horizontal bars below each row show the regions
where the different markers are active. Vertical lines in the last row denote the
position of the non-premixed (blue) reaction zones.
Intermediate summary:
The GFRI approach was successfully applied to fully resolved numerical simulation of a
laminar 2D methane/air triple flame and a turbulent non-premixed combustion in a
temporally evolving mixing layer.
The following statements can be made:
• The local flame structure of the 2D laminar triple flame has been successfully identified,
showing a clear indication of a lean and a rich premixed reaction zone as well as a
non-premixed reaction zone in between. The new GFRI approach is in agreement with
recent results found in [20].
• Results from the temporally evolving mixing layer allows the reaction zone to be char-
acterized as non-premixed. This does not depend on the laser beam orientation. The
GFRI method was successfully applied for turbulent conditions.
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GRADIENT -FREE REGIME IDENTIF ICAT ION (GFR I ) :
APPL ICAT ION TO 1D RAMAN/RAYLE IGH MEASUREMENTS
In this chapter, the GFRI approach is applied to detect and characterize reaction zones in
1D experimental single-shot measurement data (denoted by Φexp). The analysis starts with
laminar methane/air counterflow flames in conditions matching the partially premixed numer-
ical cases analyzed in Section 4.2. Second, experimental sample lines from the stabilization
region of a mildly turbulent lifted methane/air flame are considered. The focus of the lifted
methane/air flame will be the characteristic triple flame structure [97] and a qualitative com-
parison with the triple flame considered numerically in Section 5.1. Third, the GFRI approach
is applied to experimental Raman/Rayleigh data from turbulent benchmark flames, namely
lean turbulent stratified flames (TSF-G, TSF-A and TSF-C) [99], the Sydney/Sandia piloted
jet burner flame series with inhomogeneous inlets (case FJ200-5GP-Lr300-59) [5] and the Syd-
ney/Sandia piloted jet burner flame series with dimethyl ether (DME-D) [6], in Section 6.3.
6.1 partially premixed counterflow flames (laminar)
The GFRI approach was applied to experimental Raman/Rayleigh samples (single-shot) from
three laminar partially premixed counterflow flames investigated numerically in Section 5.1.
For each flame, 600 Raman/Rayleigh sample lines (300 data points per 6 mm line) were
processed to obtain temperature and major species. The scalar data for each individual
sample were used as initial conditions for the constrained homogeneous reactor calculation
to obtain an approximation of the corresponding full thermochemical state of the sample.
CM and HRR were then calculated from the resulting approximated state. Note that even
though the experimental counterflow flames were flat, they were not perfectly steady in the
experiments, and the whole flame moved in a narrow region along the burner axis. Thus,
the spatial coordinate was shifted while processing each shot to best align the temperature
profiles with the average profile, and the 50 individual single-shot experimental sample lines
having thermal profiles closest to the average were retained for the following analysis. There
have been no other changes to the experimental data. Figure 6.1 shows the results for PP1,
PP2 and PP3.
The mixture fraction, temperature, and major species profiles from the experiments and the
fully resolved simulations, compared in the second and third rows of Figure 6.1, match very
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Figure 6.1: Illustration of the GFRI approach for PP1 (left), PP2 (middle) and PP3 (right)
based on Φnum, Φnum,RRfil,un,app and Φ
exp,RR
app . The main characteristics of the HRR, the
CM, and ZRRB are summarized in the last row. Horizontal bars below each row
show the regions where the different markers are active. Vertical lines in the last
row denote the position of the premixed (red) and non-premixed (blue) reaction
zones, respectively.
well. Therefore, flame markers derived from the fully resolved state, and the correspond-
ing Raman/Rayleigh equivalent data, can be compared directly to the experimentally-based
approximated state to assess the applicability and robustness of the proposed GFRI approach.
First, the CM is discussed based on the approximated states, Φexp,RRapp and Φ
num,RR
fil,un,app, which are
shown respectively as grey and blue scatter in the first row of Figure 6.1. The behavior is very
similar, with respect to the locations of the CM zero-crossings, the complete CM profile across
each flame, and even the trajectories of points that deviate from the main profiles. The CM
zero-crossing positions for the approximated experimental results (two for PP1 and PP2, one
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for PP3) vary in a narrow region for each of the three flames, but the zero-crossings of the nu-
merical results are in this experimental range. Further, spatial locations of the approximated
CM zero-crossings are in good agreement with the fully resolved numerical results (Φnum, light
blue lines). Differences in the negative CM values are apparent, but the CM values based
on Φexp,RRapp and Φ
num,RR
fil,un,app stay negative, in the range of 0.8-3.9 mm for PP1, 0.9-3.4 mm for
PP2 and 0.8-2.4 mm for PP3, which is consistent with the full numerical results. The trajec-
tories of the approximated CM values that deviate from the full numerical curves arise from
actual (or imposed) experimental uncertainty that leads to unphysical scalar values, such as
positive CH4 concentrations where none should exist or zero O2 concentrations where small
but finite concentrations should exist. Overall, this direct comparison of numerical and ex-
perimental results for laminar partially premixed counterflow flames confirms that the GFRI
approach, applied to experimental Raman/Rayleigh measurements, accurately locates CM
zero-crossings and also yields CM profiles that are in reasonable quantitative agreement with
the fully resolved numerical simulations. Note that this conclusion applies to all of the 50
individual single-shot experimental flame profiles. The HRR of Φexp,RRapp and Φ
num,RR
fil,un,app are
shown respectively as grey and black points in the second row in Figure 6.1. A significant
range of HRRs can be identified, but the order of magnitude is comparable between the
experimental probe lines and the corresponding numerical Raman/Rayleigh equivalent state.
The main features of the HRR profiles are captured, but are more sensitive to experimental
uncertainty, especially in slightly rich mixtures where hydrocarbon fluorescence interference
causes additional experimental uncertainties. The approximated HRR results are in quali-
tative agreement with the fully resolved numerical profiles, such that regions of high heat
release, as well as local peaks, can be identified.
Using the criteria proposed in Section 4, the premixed and non-premixed reaction zones are
identified in row four of Figure 6.1. As discussed in Section 4.2, flames PP1 and PP2 each
have lean and rich premixed flames with a non-premixed flame in between, while flame PP3
has a strong non-premixed flame and a weaker rich premixed flame. Thus the applicability
of the GFRI approach to the experimental Raman/Rayleigh and the comparability to the
numerical results have been demonstrated. Additionally, it is important to point out that
HRR results derived from the Raman/Rayleigh measurements in these examples are
sufficiently accurate to assess the relative heat release rates of different reaction zones in the
same flame. For example, in flame PP1, which has inlet conditions that are both in the
flammability range, the two premixed reaction zones each have HRR peaks an order of
magnitude higher than the level corresponding to the non-premixed reaction zone. Further,
in flame PP3, which has inlets at ϕ1=0 and ϕ2=4.8, the overall heat release is dominated by
the non-premixed reaction zone, while the detected rich premixed reaction zone is relatively
weak. This potential to evaluate the relative HRR contributions of premixed and
non-premixed zones in partially premixed flames, based on single-shot Raman/Rayleigh
measurements, represents a significant advance.
Intermediate summary:
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The GFRI method was applied to Raman/Rayleigh probe lines from laminar partially
premixed methane/air counterflow flames at conditions matched by the numerical test cases
to allow a direct quantitative comparison of experimental and numerical results and to
validate the applicability of the GFRI approach for experimental data.
The following statements can be made:
• Application of the GFRI method to Raman/Rayleigh data from the laminar counterflow
flames clearly identified the premixed and non-premixed reaction zones in each flame.
• The CM results were in close quantitative agreement with the numerical result for the
locations of the zero-crossings and the CM values across each profile.
• The HRR results were more sensitive than the CM results to noise in the initial scalar
state for the homogeneous reactor calculation. However, the experimentally based HRR
profiles were sufficiently accurate to assess the relative heat release rate from different
reaction zones in the overall flame structure.
6.2 lifted partially premixed jet flame (turbulent)
Next, the turbulent lifted methane/air jet flame with low Reynolds number is analyzed. As
stated earlier, the leading edge of a mildly turbulent lifted flame is expected to exhibit a triple
flame structure, consisting of lean and rich premixed flame branches with a non-premixed
flame in between [97, 98]. Thus, the experimental lifted flame results can be compared
qualitatively to the numerical triple flame results from Section 5.1. Accordingly, the following
analysis is based on a subset of experimental samples having unburnt fluid (T<400 K) toward
each end of the 6 mm probe volume and hot products (T>1000 K) in the middle. This
guarantees the inclusion of the complete flame structure in each single-shot. In total, 180 out
of 3000 independent samples in the stabilization region of the fluctuating lifted flame fulfilled
this requirement.
When these selected experimental shots were analyzed, it became apparent that they could
be divided into subgroups according to characteristics for the CM, HRR, and mixture fraction
profiles. Representative experimental samples from each group are presented in Figure 6.2
and Figure 6.3. Each of the columns contains the results from one representative sample.
Further, a schematic representation of the lifted flame and approximated positions of the
representative sample lines are pictured. Figure 6.2 presents representative samples that can
be compared to slices 1-4 in the numerical laminar triple flame.
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Figure 6.2: (left) Illustration of the GFRI approach for the turbulent lifted methane/air jet
flame based on Φexp,RRapp . The main characteristics of the HRR, the CM, and
ZRRB are summarized in the last row. Horizontal bars below each row show the
regions where the different markers are active. Vertical lines in the last row
denote the position of the premixed (red) and non-premixed (blue) reaction zones,
respectively. (right) Schematic representation of the lifted flame and an exemplary
illustration of the representative sample line positions (green line).
Case 1 is characterized by two CM zero-crossings with sharp gradients, indicating lean and
rich premixed flame branches. The local HRR peak value at the CM zero-crossing on the rich
side is higher than on the lean side. Case 1 also shows negative CM values and significant
HRR near the stoichiometric mixture fraction, indicating a non-premixed reaction zone. Thus,
Case 1 represents the canonical triple flame structure, as seen in Slice 1 and Slice 2 of the
numerical simulation. In contrast, only one CM zero-crossing on the rich side arises in Case 2
and Case 3, while non-premixed flames are detected in both, as indicated by negative CM and
significant HRR at the stoichiometric mixture fraction. Note that Case 2 exhibits a sharp CM
gradient (x=3 mm), while Case 3 features a mild gradient after the initial zero-crossing. Thus,
Case 2 and Case 3 are similar to Slice 3 and Slice 4, respectively, in Figure 5.2. When the
HRR values are compared, a global maximum arises at the position of the CM zero-crossing in
Case 2. However, the HRR values in the range of negative CM (x=1-3 mm) are significantly
higher than at the position of the CM zero-crossing in Case 3. Domingo et al. [25] discussed
the decrease in heat release contribution from the rich premixed branch relative to the non-
premixed flame in their lifted flame DNS, and a similar trend is seen in the present simulation.
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Additional information from combined OH and CH2O-PLIF imaging would be required to
experimentally investigate such a trend. Figure 6.3 presents experimental realizations that
do not correspond to any of the selected numerical triple flame sample lines.
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Figure 6.3: (left) Illustration of the GFRI approach for the turbulent lifted methane/air jet
flame based on Φexp,RRapp . The main characteristics of the HRR, the CM, and ZRRB
are summarized in the last row. Horizontal bars below each row show the regions
where the different markers are active. Vertical lines in the last row denote the
position of the premixed (red) reaction zones. (right) Schematic representation
of the lifted flame and an exemplary illustration of the representative sample line
positions (green line).
Case 4 has no detected reaction zones and the CM is zero or positive across the whole sample.
As illustrated in Figure 6.3, this sample corresponds to the preheat zone ahead of the edge
flame. A similar profile would result if a slice were taken farther upstream in the numerical
simulation. Cases 5 and 6 and the groups they represent are indications of an important
difference between the numerical and experimental flow configurations. Whereas a uniform
inlet velocity profile was specified in the simulation, the experimental flame stabilizes where
there is a radial gradient in the axial velocity. This allows the lean branch to propagate
upstream of the triple point, while the rich branch tends to be pushed downstream. Case 5
shows an example of the group of samples where two CM zero-crossings are detected which are
both lean, and the CM value at stoichiometry is positive; no non-premixed flame is detected.
The lean premixed flame that is close to stoichiometry dominates the HRR profile, while the
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leaner premixed zero-crossing shows a very low HRR. Case 6 has just a single reaction zone,
which is lean and marked by the CM zero-crossing and the peak in the HRR.
Of the 180 samples evaluated from the experimental lifted flame, those having a single CM
zero-crossing were most common, with 51% corresponding to Case 2 (rich premixed flame
and non-premixed flame) and 30% corresponding to Case 6 (lean premixed flame but no
non-premixed flame). This can be attributed to the effect of the velocity gradient on the
orientation of the triple flame relative to the horizontal laser beam. Only 6% of samples
corresponded to a canonical triple flame was represented by Case 1. A similar 7% of the
population is represented by Case 5, which has two CM crossings (strong and weak lean
premixed flames) but no detected non-premixed flame. Case 4, representing the leading
preheat zone, accounted for 5%, and Case 3 (dominant non-premixed flame and weak rich
premixed flame) was rare, representing just 1%. Note that these percentages correspond to
the stabilization region of the lifted flame. Based on the numerical triple flame results, one
might expect the fraction of such samples to increase with downstream distance.
Again, the potential to evaluate the relative HRR contributions of premixed and
non-premixed zones in partially premixed flames, based on single-shot Raman/Rayleigh
measurements, represents a significant advance.
Intermediate summary:
1D Raman/Rayleigh probe lines acquired in the stabilization region of a mildly turbulent
lifted methane jet flame were analyzed with a special focus on the identification of a triple
flame structure and the comparison with the fully resolved 2D triple flame.
The following statements can be made:
• The application of the GFRI approach to the experimental data of the lifted flame
identified structures comparable to those seen in the canonical triple flame simulation.
Additional structures were identified that provided insight on the orientation of the
lifted edge flame.
• The potential for application in more complex turbulent partially premixed flames is
demonstrated.
6.3 benchmark flames (turbulent)
Experimental Raman/Rayleigh data from three turbulent benchmark flame setups, namely
lean turbulent stratified flames, a piloted jet flame with inhomogeneous inlets and a piloted
jet burner configuration with dimethyl ether, are analyzed in the following paragraphs by
using the GFRI approach.
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turbulent stratified flame (tsf) The turbulent stratified flames are test cases
with lean turbulent premixed reaction zones. The experimental instantaneous data provides
the temperature and major species along a 1D Raman/Rayleigh probe volume with a resolu-
tion of 0.1 mm (approximated line length 6 mm). Radial (single-shot) profiles are available
at different axial positions of the flame. In this work, three different TSF cases, defined by
distinct flow parameters for the flame, are used for utilizing the GFRI approach. The flame
markers, based on the approximated state Φexpapp, are shown at two different heights (x/d=1
and x/d=15) in Figure 6.4.
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Figure 6.4: Illustration of the GFRI approach using the CM, the HRR and the mixture frac-
tion ZRRB for two snapshots in the TSF-G (left), TSF-A (middle) and TSF-C
(right) based on Φexpapp. Horizontal bars below each row show the regions where
the different markers are active. Vertical lines in the last row denote the position
of the premixed (red) reaction zones.
The most important difference between the three configurations investigated here (TSF-G,
TSF-A, TSF-C) and their corresponding realizations (x/d=1, x/d=15) is the level of ZRRB
stratification. Close to the burner outlet, x/d=1, the mixture fraction values can be considered
constant in the limits of experimental uncertainty for all three configurations. Based on the
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radial location investigated here (in the first tube), with the pilot and the first stream both
having an equivalence ratio of 0.9, this assumption is consistent. Note that the equivalence
ratio of the second stream of the TSF-G is also 0.9 and following no slope in ZRRB can
be observed for this TSF configuration in both analyzed axial locations (x/d=1, x/d=15).
Conversely, a noticeable slope in ZRRB is observed further downstream in the TSF-A and TSF-
C (x/d=15), which is due to mixing with the second stream (ϕ2 = 0.6). In both axial locations,
the CM profiles show an initial increase (characteristic for the preheat zone) followed by a
steep CM zero-crossing. That applies for all three configurations. Additionally, significant
HRR values and even a clearly defined local HRR maximum can be detected. The flame
markers are collected in the bottom row of Figure 6.4. The conditions for a non-premixed
zone are not fulfilled for any of the Raman/Rayleigh data samples since the mixtures are
always lean and no stoichiometric conditions are apparent. On the other hand, the premixed
reaction zones are clearly identified.
jet flame with inhomogeneous inlets The second case analyzed here is the
Sydney burner with an additional inner tube recessed by 300 mm (FJ200-5GP-Lr300-59).
This results in a nearly homogeneous rich mixture in the inner mixing tube at the burner outlet
(ϕ ≈ 4.8). To analyze the flame structure, two representative experimental Raman/Rayleigh
lines at x/d=1 (Sydney/Sandia #1) and x/d=10 (Sydney/Sandia #2) are shown in Figure 6.5.
The results are based on the evaluation of Φexpapp.
When comparing the two axial locations, in Sydney/Sandia #1 only a very narrow region
with positive CM values (r=4-4.2 mm) can be identified compared to Sydney/Sandia #2
(r=3.7-5 mm). This is not unexpected due to the formation of a very thin mixing layer
between the inner partially premixed fuel stream and the stoichiometric pilot. The premixed
reaction zone, characterized by the CM zero-crossing, identified close to the burner outlet
(Sydney/Sandia #1) shows a local HRR peak, though the magnitude is quite small compared
to the values in the pilot region (see gray vertical arrows in Figure 6.5). In the pilot region
(r > 5 mm), stoichiometric mixture, negative CM and a high release rate are found. However,
this does not indicate that this is a non-premixed reaction zone, which becomes obvious when
one looks at the mixture fraction profile, which is constant in this region. Based on a prior
analysis of Φexp (not shown here), it can be confirmed that the pilot composition in the current
data sample is not in equilibrium; the normalized reaction progress c is approximately 0.82,
while chemical equilibrium would be indicated by 1. This causes the large HRR due to the
ongoing oxidation from CO to CO2. For specific cases such as this one with a homogeneous
stoichiometric mixture, the additional constraint of mixture stratification is necessary to avoid
a false characterization as a non-premixed reaction zone.
Conversely, close to r=7mm in Sydney/Sandia #2, a non-premixed zone can be clearly
identified with an absolute HRR maximum, negative CM and stoichiometric mixture in a
stratified region. The CM zero-crossing indicates a (rather weak) premixed flame close to
the rich flammability limit, and corresponding changes in the major species profiles can be
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Figure 6.5: Illustration of the GFRI approach using the CM, the HRR and the mixture frac-
tion ZRRB for two chosen snapshots in the Sydney/Sandia configuration based on
Φexpapp. Horizontal bars below each row show the regions where the different markers
are active. Vertical lines in the last row denote the position of the premixed (red)
and non-premixed (blue) reaction zones, respectively. The gray vertical arrows
illustrate the significant difference in magnitude of the HRR.
observed. Similar to the burnout region in the R2P configuration (see Figure 4.2) the CM
value is negative throughout the region of the pilot products.
It is notable that these findings are consistent with recent LES results [35] employing the
regime index [21]. In this study, a premixed region is identified at the burner outlet as well
as the transition to a non-premixed mode of combustion further downstream.
partially premixed dimethyl ether/air jet flames (dme-d) The third
experimental turbulent benchmark flames is a piloted dimethyl ether flame (DME, Flame
D) [6] in the Sydney/Sandia configuration. The results based on Φexpapp at x/d=1 (DME-D
#1) and x/d=7.5 (DME-D #2) are shown in Figure 6.6.
One CM zero-crossing is found for both axial locations, and corresponding HRR values (even
a local maximum) can be observed. For the lower axial location, the zero-crossing is placed
58
gfri: application to 1d raman/rayleigh measurements
C
M
H
R
R
(J
/k
g/
s)
T
(K
)
r (mm)
DME-D #1
(x/d = 1)
DME-D #2
(x/d = 7.5)
X
fuelXCO2XO 2
m
ol
e
fr
ac
ti
on
X
1 3 5
-10
-5
0
5
1e+06
1e+08
1e+10
300
1000
1700
0
0.1
0.2
1 3 5
0
0.25
0.5
0.75
1
Premixed
Non-
Premixed
HRR
HRR
CM
CM
zero-
crossing
CM zero-crossingCM zero-crossing
negative
values
Z
R
R
B
ZRRB gradient
ZRRB,stZRRB,st
Figure 6.6: Illustration of the GFRI approach using the CM, the HRR and the mixture frac-
tion ZRRB for two chosen snapshots in the turbulent DME-D flame based on Φexpapp.
Horizontal bars below each row show the regions where the different markers are
active. Vertical lines in the bottom row denote the position of the premixed (red)
and non-premixed (blue) reaction zones, respectively.
in the mixing layer between the fuel stream and the pilot, which is consistent to the Sydney
burner results discussed above. Very similar structures are found at x/d=7.5, though the
profiles are broadened through mixing. At both axial locations, a non-premixed flame in the
proximity of ZRRB,st can be clearly identified. In this context the major species profiles clearly
reveal that the products of the lean pilot flame and the rich inner premixed flame are mixing
and do form a non-premixed reaction zone.
One interesting observation is that the magnitudes of the HRR peaks of the premixed and the
non-premixed reaction zones are very similar at x/d=1, while at x/d=7.5 the premixed peak
is even larger. For the CH4 case discussed above, at x/d=10 the non-premixed HRR peak
is at least one order of magnitude larger than the premixed peak. This finding is analyzed
further in Appendix 10.2 looking at corresponding counterflow flames. It can be shown that
this discrepancy can be attributed to the different fuels and the degree of partial premixing.
In fact, the approach proposed here for is sensitive enough to detect these differences.
59
gfri: application to 1d raman/rayleigh measurements
Intermediate summary:
The GFRI approach was successfully applied to three turbulent partially premixed
benchmark flames and the expected reaction zone characteristics have been identified.
The following statements can be made:
• The analysis of the turbulent stratified flames showed clear indications of premixed
reaction zones, with a CM zero-crossing aligned with the HRR peak in each profile.
• Results from the Sydney piloted CH4/air flame (x/d=10) showed both a rich-premixed
and a stoichiometric non-premixed reaction zone, with the former having much lower
HRR.
• The analysis of the piloted DME flame revealed both rich-premixed and stoichiometric
non-premixed reaction zones, but with HRR in the rich-premixed reaction zone being
relatively more important than in the methane flame.
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7
LAMINAR PARTIALLY PREMIXED DIMETHYL ETHER FLAMES :
FULLY RESOLVED S IMULATION AND COMPARISON WITH
EXPERIMENTAL DATA
In the field of combustion modeling and simulation, DME can be seen as a successor to
hydrogen and methane in terms of its molecular complexity while still being gaseous at
standard conditions. The present chapter investigates the flame structure of three laminar
DME/air flames for which detailed experimental data from Raman/Rayleigh measurements
are available [6, 13]. All three flames are characterized by different fuel/air ratios in the
partially premixed fuel jet.
Two particular questions are addressed here by means of fully resolved CFD simulations of
laminar dimethyl ether flames:
1. Can currently available chemical mechanisms reproduce the local flame structure of
partially premixed dimethyl ether flames?
2. What structural differences can be identified due to the different levels of premixing in
the central jet?
First, a classification of the DME/air mixtures and a comparison of the fully resolved CFD
simulations to available Raman/Rayleigh data are presented. Building on the results of
Section 6, a reaction regime analysis is carried out by using the GFRI approach. This regime
analysis is applied to both the experimental and the fully resolved numerical data. Second, a
detailed analysis of the fully resolved CFD simulations is conducted by considering common
flame markers.
7.1 1d flame classification
Figure 7.1 characterizes the three DME/air mixtures by taking into account the laminar
burning velocity sL and the maximum temperature Tmax for specific equivalence ratios.
The flammability range of a DME/air mixture, shown in gray, is defined by a volume of 3.4%
to 27% of DME in the inlet mixture [2]. This corresponds to an equivalence ratio range
of ϕDME/airFR ∈ [0.5, 5.28]. Recalling the equivalence ratios of the DME/mixtures considered
(see Chapter 3.3.2), it can be stated that the initial mixture of flame DME-L2 lies outside
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Figure 7.1: Classification of the flames DME-L1, DME-L2 and DME-L3 based on the laminar
burning velocity (left) and the maximum temperature (right) for chosen equiva-
lence ratios. The flammability range for DME/air mixtures is shown in gray and
defined by a volume of 3.4% to 27% of DME [2].
the flammability range. Thus, the corresponding mixture cannot be stabilized as a freely
propagating premixed flame. In contrast, flame DME-L1 lies clearly in the flammability
range, having a laminar burning velocity of 11 cms−1 and a maximum temperature of 1850K,
while flame DME-L3 has a significantly lower laminar burning velocity of 2.8 cm s−1 and a
maximum temperature of 1420K. It can be assumed that the stabilisation mechanism of
flame DME-L3 is mainly dominated by rapid pyrolysis effects [14].
7.2 comparison between fully resolved cfd simulations and experi-
mental data
Figure 7.2 compares the numerical results of flame DME-L1, DME-L2 and DME-L3, when
using a full transport and chemistry (FTC) approach, to the experimental data [6, 13]. The
comparison is carried out at the axial location of x = 2 cm. The results are evaluated with
respect to the Bilger mixture fraction, the temperature T and specific species mole fractions
Xi.
Both the temperature and the mixture fraction show good agreement for the radial profiles.
A minor under-prediction of the mixture fraction, lying in the range of experimental uncer-
tainty, appears for the flames DME-L1 and DME-L3 (r = 3 mm - 5 mm) along with a slight
over-prediction for flame DME-L2, in the same range. This discrepancy is reflected in the
temperature and species profiles, too. However, the overall profiles fit well, thus all three
flames can be said to display good agreement between FTC simulation and experimental
data.
It is worth mentioning that the Bilger mixture fraction is larger than unity close to the
centerline. This effect, caused mainly by differential diffusion, is further analyzed based on
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Figure 7.2: Comparison of the Bilger mixture fraction, the temperature and major species
(XCO2 ,XO2 ,XCO,XHC,XH2 and XH2O) at the axial position x = 2 cm for the ex-
perimental and computed radial profile of the partially premixed flames DME-L1,
DME-L2 and DME-L3.
the differential diffusion parameter in Section 8. The species mole fractionsXHC1,XH2O,XCO2
and XO2 show good agreement for all three flames. Minor differences appear in the maximum
values of XCO and XH2 , which are both slightly under-predicted.
In summary, the simulation results and the experimental data are found to agree and the
general flame structure is well represented by the FTC calculation. This agreement suggests
that the current modeling approach, including the choice of the chemical mechanism and
the diffusion modeling, is capable of reproducing the local flame structure of the laminar,
partially premixed dimethyl ether flames.
7.3 reaction regime analysis using the gfri approach
The currently developed GFRI approach is now applied both to the experimental
Raman/Rayleigh samples and to the FTC solution of the laminar dimethyl ether flames
DME-L1, DME-L2 and DME-L3 at the axial location of x = 2 cm. To this end, the chemical
explosive mode, the heat release rate and the Bilger mixture fraction are evaluated based on
1 Five hydrocarbons (DME, CH4, CH3, C2H4, C2H6) are combined into a hydrocarbon mole fraction, XHC.
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the fully resolved numerical state (Φnum,FTC) and the approximated experimental state
(Φexpapp). Figure 7.3 presents the results for the GFRI approach including an identification of
the local reaction zones and an evaluation of the relative HRR contributions of premixed
and non-premixed regimes.
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Figure 7.3: Illustration of the GFRI approach using the CM, the HRR and the Bilger mix-
ture fraction ZRRB,DME for DME-L1, DME-L2 and DME-L3 based on Φexpapp and
Φnum,FTC. Horizontal bars show the regions where the different markers are ac-
tive. Vertical lines in the last row denote the position of the premixed (red) and
the non-premixed (blue) reaction zones.
The characteristics of the CM profile, namely the CM zero-crossings and the range of negative
CM values, lead to similar conclusions for the approximated experimental state Φexpapp and the
FTC results, Φnum,FTC. Note that the CM zero-crossings, both for Φexpapp and Φnum,FTC,
occur at different radial positions for each flame. It is located closer to the axis for the
flame DME-L1 and shifted to higher radial values for DME-L2 and DME-L3. It is worth
mentioning that the CM profile of flame DME-L1 shows a steep gradient at the position of
the CM zero-crossing. This is in contrast to the results of flames DME-L2 and DME-L3, both
of which have a clearly identifiable CM zero-crossing but a relatively smooth development of
the CM profile up to the minimum. The characteristics of the chemical mode indicate that
the non-premixed reaction zone has a significant influence on the premixed flame.
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To further confirm this statement, the HRR profiles of Φnum,FTC are analyzed. DME-L1
shows a significant HRR peak at the position of the CM zero-crossing and a much smaller
peak value in the range of negative CM values. The HRR peak values of DME-L2 and DME-
L3 are, however, closer to each other and of almost equal magnitude. These HRR profiles
confirm that the non-premixed reaction zone has a significant influence on the premixed flame
for DME-L2 and DME-L3, as predicted.
The heat release rate of the approximated state Φexpapp shows two significant HRR ranges for
each flame and suggests that the premixed reaction zone is always more prominent than the
non-premixed zone. This is in contrast to the results shown for the FTC results of flames
DME-L2 and DME-L3, which show a reversed trend in the HRR peak values. Note that
these differences may be based on the predominant experimental uncertainty leading to a
deviation between the full thermochemical and the approximated state. However, the basic
characterization can be retrieved and similar results are conducted. Note that the HRR peak
located close to the CM zero-crossing is very well predicted by the approximated experimental
state for all three flames. However, higher discrepancies appear for the HRR in the range of
negative CM values.
The species and temperature profiles were already compared in the previous section and are
only repeated to complete the description of the GFRI approach. In respect of the reaction
zone identification, all three flames are characterized by a premixed reaction zone and a
non-premixed reaction zone. However, the non-premixed reaction zones have a different
significance for the overall flame structure of DME-L1, DME-L2 and DME-L3. Note that
this reaction regime identification counts for both the approximated experimental state and
the FTC results.
7.4 flame structure analysis based on the ftc results
The previous sections confirmed that the FTC results are comparable with the experimental
data. Next, the fully resolved numerical data are analyzed to compare the structures of the
three partially premixed DME flames. For this analysis we focus on the temperature and
the HRR in Section 7.4.1, the Bilger mixture fraction (ZB,DME) and the flame index (ξp)
in Section 7.4.2, and the hydroxyl radical and the reaction zone thickness in Section 7.4.3.
Further, selected heights of the flames will be considered for a more detailed analysis.
7.4.1 Temperature and heat release rate
First, the temperature and the heat release rate are shown for flames DME-L1, DME-L2 and
DME-L3 in Figure 7.4.
It is apparent that the flame DME-L1 exhibits a central premixed inner cone surrounded
by a stratified post-oxidation region [13]. The HRR shows two distinct flame zones, one
corresponding to an inner premixed flame, based on the flammable DME/air mixture at
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Figure 7.4: The temperature and the HRR for the partially premixed flames DME-L1 (left),
DME-L2 (middle) and DME-L3 (right). The red lines and boxes mark the regions
for which a more detailed analysis is carried out. The solid white line corresponds
to the stoichiometric Bilger mixture fraction ZB,DME,st.
the inlet, and a surrounding non-premixed flame. The flame DME-L2 does not exhibit a
dominant inner premixed reaction zone and therefore has a flame structure more typical
of a non-premixed flame, with a single reaction zone near stoichiometric conditions. This
characteristic can be confirmed by the profile of the HRR, showing one significant flame zone.
Nevertheless, minor heat release rate values appear in the inner flame cone, too. The flame
DME-L3 shows a combination of both effects. The profile of the HRR indicates that there are
generally two distinct flame fronts, corresponding to an inner premixed flame and an outer
non-premixed flame. However, in contrast to the flame DME-L1, the premixed flame is not as
strong as the non-premixed flame front. For all three flames, the isolines of the stoichiometric
mixture fraction ZB,DME,st (solid white line) lie in the non-premixed flame zone where notable
heat release rate values occur.
A more detailed analysis of the flame structure, focussing on the temperature and the main
species mole fractions, is shown in Figure 7.5(a). Additionally, a corresponding analysis of
the HRR is visualized in Figure 7.5(b). The evaluation of the flame markers close to the jet
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inlet (x = 2 cm) is displayed in the left column and the profiles further downstream of the
flame (x = 12 cm) in the right column, respectively.
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Figure 7.5: Flame structure analysis on two slices of flames DME-L1, DME-L2 and DME-L3
at the axial positions x = 2 cm (left) and x = 12 cm (right). (a) Temperature and
major species mole fractions (b) Heat release rate and [CH2O][OH] correlation for
the HRR.
Close to the inlet, the flame DME-L1 shows a steep gradient and a notable range of high
temperature and XCO2 values. Further, it is striking that, in the case of DME-L1, DME is
completely consumed at a height of 12 cm. On the other hand, flames DME-L2 and DME-L3
still show significant amounts of unburned DME at this height. Interestingly, both DME-L2
and DME-L3, albeit defined by different equivalence ratios, show species and temperature
profiles which are very similar to each other at both heights. One major temperature peak
and a single XCO2 peak are found for all three flames. Further, based on the wide flame cone
of flame DME-L2 and DME-L3, low temperatures and significant DME mole fractions appear
close to the axis at x = 12 cm.
Figure 7.5(b) compares two different approaches for analyzing the HRR. In the first approach,
the HRR is calculated based on the resulting FTC mixture and in the second, a correlation
is conducted based on formaldehyde and the hydroxyl radical. Two HRR peaks can be
identified close to the inlet for all three flames; however, different HRR profiles are observed.
For instance, a significant HRR peak is located in the premixed regime for flame DME-L1,
and a minor one in the non-premixed regime. This is in contrast to flames DME-L2 and
DME-L3, where significant HRR is located in the non-premixed flame zone. Furthermore,
the maximum value of flame DME-L1 is considerably larger than for DME-L2 and DME-L3.
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For the second slice, two HRR peaks appear for the cases DME-L2 and DME-L3. However,
the first peak value is several orders of magnitude smaller than the second HRR peak and
thus is hardly visible. Flame DME-L1 shows only one HRR peak in the upstream region of
the flame.
Using [CH2O][OH] as an indicator for the HRR, only a single peak value can be identified for
the flame DME-L1 at both heights. Furthermore, a shift occurs for the peak value at x = 12 cm.
The HRR peak values of the flames DME-L2 and DME-L3 can generally be identified with
the [CH2O][OH] approximation on both slices. However, the difference between the two HRR
peak positions is found to be of the wrong order of magnitude and the second peak position
is shifted.
7.4.2 Mixture fractions
Figure 7.6 shows the Bilger mixture fraction ZB,DME for flames DME-L1, DME-L2 and DME-
L3. Based on the chosen DME/air inlet mixtures, significant differences appear in the
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Figure 7.6: The mixture fraction ZB,DME for the partially premixed flames DME-L1 (left),
DME-L2 (middle) and DME-L3 (right). The red boxes mark the area for which
a more detailed analysis is carried out.
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Bilger mixture fraction profiles. Whereas the flame DME-L1 is characterized by a range of
ZB,DME from 0 - 0.2, the flame DME-L2 has, due to the rich inlet composition, mixture
fraction values up to ZB,DME=0.4. Note that the stoichiometric mixture fraction of DME/air
is ZB,DME,st = 0.1 (shown as a solid white line).
The question is also discussed of how global and local mixture fraction definitions differ for
the respective levels of DME premixing. The analysis is carried out for a part of the flame
corresponding to the red box in Figure 7.4. This region is selected since the experimental
data were measured and validated in this range.
Figure 7.7 shows the comparison of the stoichiometric values for the different mixture fraction
definitions, namely the Bilger mixture fraction, the local mixture fraction and the transported
mixture fraction.
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Figure 7.7: Comparison of the stoichiometry of the mixture fraction definitions ZB,DME,st,
Zloc,DME,st and Ztran,DME,st.
Two aspects are noteworthy. First, the positions and the profiles of the stoichiometric mixture
fractions, based on the different definitions, are nearly identical for flames DME-L1, DME-
L2 and DME-L3, respectively. Second, neither the varying inlet mixtures of the jet and
thus, the changes in the width of the non-premixed flame zone, nor the influence due to
the differential diffusion effects, lead to differences between the profiles of the stoichiometric
mixture fractions.
7.4.3 Hydroxyl radical and flame index
Figure 7.8 visualizes the hydroxyl radical and the flame index (see Eq. (2.1)) of the flames
DME-L1, DME-L2 and DME-L3. Note that the flame index is only shown in regions with
temperatures higher than 1000K.
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the area for a more detailed analysis.
All three dimethyl ether flames show different profiles for the mole fraction of OH. First of
all, differences in the maximum value of OH appear, especially further upstream of the flame.
While the flame DME-L2 reaches values up to XOH = 0.007 in the whole (shown) height
of the flame, comparable XOH values do not appear for flames DME-L1 and DME-L3 for
x > 9 cm. Furthermore, the mole fraction profile of OH indicates that the flame cone becomes
wider from flames DME-L1 to DME-L3 and finally to DME-L2. This corresponds to the
observations shown above. Focussing on the flame DME-L1, it appears that significant XOH
values are found in the inner premixed flame zone. By contrast, this is not apparent for the
flames DME-L2 and DME-L3.
The flame index indicates that there is both a premixed and a non-premixed flame zone in
all three flames. However, the width of the non-premixed flame region expands from flame
DME-L1 to flame DME-L3 and on DME-L2. Nevertheless, the stoichiometric mixture fraction
(solid white line) lies in the non-premixed flame zone for all three flames.
To identify and compare the reaction zones of the flame (based on significant XOH) and
the intermediate oxidation zones (based on significant XCH2O), a more detailed analysis is
shown in Figure 7.9. Moreover, the reaction zone thickness (△Z)R and the flame index are
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visualized. A premixed regime is always shown in red (ξp=1) and a non-premixed regime in
blue (ξp=0).
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Figure 7.9: Flame structure analysis of two slices of flames DME-L1, DME-L2 and DME-L3
at the axial positions x = 2 cm (left) and x = 12 cm (right). The molar fractions of
the hydroxyl radical and formaldehyde are visualized. Further, the reaction zone
thickness and the Bilger mixture fraction are shown. A characterization using the
flame index (red - premixed, blue - non-premixed) is visualized in the background.
The flame index shows an inner premixed regime followed by an outer non-premixed regime
for all three dimethyl ether flames and for both heights. However, significant differences
appear for the width and the position of the premixed and non-premixed regions. First, the
overall flame region broadens over the height of the flame. Second, the premixed flame zone
expands when going from flame DME-L1 to DME-L3 and DME-L2 and the non-premixed
flame region shrinks, correspondingly.
A single XOH peak, in the same order of magnitude, is found for all three flames and both
heights. Note that the majorXOH peak value is always located in the non-premixed flame zone
as well as in the reaction zone defined by (△Z)R (red dotted line). Further, the stoichiometric
mixture fraction values are located close to the XOH peak values. As mentioned above for the
GFRI approach, the observed XOH profile is able to confirm the existence of a non-premixed
reaction zone and can improve the regime identification method. The peak value of XCH2O
is situated in the premixed flame zone close to 1000K. Moreover, the formaldehyde profile is
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defined by significant differences in the order of magnitude for all three flames. The formation
of XCH2O, for example, indicates fast pyrolysis processes. High values of the CH2O mole
fraction can be found, especially for the fuel-rich flame DME-L2. It is worth mentioning that
there is a wide separation between the OH layer and the outer boundary of the formaldehyde
distribution in all three flames.
The reaction zone thickness (△Z)R spans different ranges depending on the flame and the
height of the flame. A width of 0.5 cm is found close to the inlet of the flame DME-L1,
including the premixed and the non-premixed flame zone. Also, the peak value of XCH2O is
located in the reaction zone (△Z)R of flame DME-L1. The second slice is characterized by
a reaction zone width of 0.7 cm, which only includes the non-premixed flame zone. In
comparison with the flame DME-L1, the reaction zone thickness of the flames DME-L2 and
DME-L3 is relatively small. Close to the inlet it spans a range of 0.2 cm - 0.3 cm, situated in
the non-premixed flame zone, and at the second height a reaction zone thickness of
0.3 cm - 0.5 cm is apparent. The identified reaction zone at x = 12 cm is located in the
non-premixed and premixed flame zone for the flame DME-L2 and mainly includes the
non-premixed zone of the flame DME-L3. Note that, for the flames DME-L2 and DME-L3,
only the global maximum of the HRR is situated in the reaction zone defined by (△Z)R.
Intermediate summary:
Three laminar, partially premixed DME flames were successfully simulated and analyzed by
means of fully resolved simulations. In addition, a detailed flame structure and reaction
regime analysis was carried out for the FTC results.
The following statements can be obtained:
• The analysis of the fully resolved FTC data showed major differences in their local
burning characteristics, mainly based on the different fuel equivalence ratios of the
initial mixture.
• The global flame structure is similar for all three flames. For instance the flame index
indicated a premixed and a non-premixed flame regime for DME-L1, DME-L2 and
DME-L3.
• Complex chemistry effects occur in the gaseous phase. Not only do these effects corre-
spond to a classical combustion regime; also, rapid DME pyrolysis, leading to break-up
and recombination reactions, plays a major role.
• The GFRI approach, applied both to the experimental data and the fully resolved
results, confirms the characteristics identified by the flame structure analysis of the
fully resolved data.
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8
LAMINAR PARTIALLY PREMIXED DIMETHYL ETHER FLAMES :
FLAMELET/PROGRESS VARIABLE S IMULATION AND
COMPARISON WITH FULLY RESOLVED RESULTS
This chapter investigates the flamelet/progress variable approach, based on tabulated chem-
istry, and its capability of predicting the partially premixed flame structures of three laminar
DME flame configurations. Two main questions will be addressed here:
1. Is it possible to choose the flame regime and a corresponding tabulated manifold based
on an a priori analysis and the newly developed GFRI approach? Are the results of the
GFRI analysis in agreement with the outcome of the widely used a priori analysis?
2. Can common manifold characterizations, represented by a FPV tabulation strategy, be
used to describe the local flame structure of partially premixed DME flames?
When choosing an appropriate flamelet look-up table for application in a fully coupled FPV
simulation, a systematic analysis of the underlying fully resolved numerical 1D solutions has
to be carried out. For this reason, the identification of a suitable tabulated manifold is first
discussed in the context of an a priori analysis. Second, the information based on the prior
GFRI analysis is pursued (see Section 8.1). Following this, fully coupled FPV simulations
are carried out using the most promising flamelet look-up table found in Section 8.1. On this
basis, the radial temperature and the main species profiles are compared to the FTC results
by means of an a posteriori analysis (see Section 8.2).
8.1 identification of a suitable tabulated manifold
In order to decide if common 1D flame characterizations can be used to describe the local
flame structure, two pre-evaluation strategies are investigated. The suitability of the look-up
tables is first evaluated by means of an a priori analysis. The mixture fraction Ztran and the
progress variable Yc, which fully parameterize the manifold from the FTC solution, are used
as inputs for the flamelet look-up tables. The results obtained from the table look-up are
further compared to the FTC reference solution. As a second approach, the GFRI analysis
is utilized. The GFRI approach was applied to the experimental data and the FTC solution
of the laminar dimethyl ether flames DME-L1, DME-L2 and DME-L3 in Section 7.3 and
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first results were shown. Building on this, the main outcome in respect of the selection of a
suitable tabulated manifold will be discussed together with the results of the a priori analysis.
8.1.1 A priori analysis
This section focusses on a comparison of different flamelet look-up tables based on specific 1D
flame configurations. Further an evaluation of different (optimized) progress variables and
an assessment of an enthalpy defect is discussed. For comparing the results of the a priori
analysis, a representation over the mixture fraction Ztran is used.
Figure 8.1, Figure 8.2 and Figure 8.3 report the results of the a priori analysis for the temper-
ature, the Bilger mixture fraction, the major species and the differential diffusion parameter
of the three DME flames using look-up tables based on non-premixed flamelet (D-FLUT),
premixed flame (P-FLUT) and counterflow flame (C-FLUT) calculations.
Before comparing the different tabulated manifolds, it is worth mentioning that the parameter
ζHC confirms the importance of differential diffusion in the partially premixed dimethyl ether
flames considered here. Taking a unity Lewis number approach into account (no differential
diffusion), ζHC would be zero. Therefore, all three flames show a different but significant
differential diffusion effect for both heights of the flame and degrees of partial premixing.
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Figure 8.1: Comparison of T and ZB,L1 (left), the major species (middle) and the differential
diffusion parameter ζHC (right) in the a priori analysis. Look-up tables based
on diffusion flamelets (squares), premixed flames (crosses) and counterflow flames
(circles) are compared at two axial positions (x=2 cm (top), x=12 cm (bottom))
to the FTC results (line) of flame DME-L1.
The evaluation of the P-FLUT, built on freely propagating premixed flames, leads to signif-
icant differences compared to the FTC solution, especially for CO2, H2 and the differential
diffusion parameter. Note that CO2 is known to be a sensitive indicator of the suitability of
flamelet tables. It is worth mentioning that the deviations in the premixed table occur equally
across the entire range of mixture fractions, including the non-premixed and the premixed
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Figure 8.2: Comparison of T and ZB,L2 (left), the major species (middle) and the differential
diffusion parameter ζHC (right) in the a priori analysis. Look-up tables based
on diffusion flamelets (squares), premixed flames (crosses) and counterflow flames
(circles) are compared at two axial positions (x=2 cm (top), x=12 cm (bottom))
to the FTC results (line) of flame DME-L2.
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Figure 8.3: Comparison of T and ZB,L3 (left), the major species (middle) and the differential
diffusion parameter ζHC (right) in the a priori analysis. Look-up tables based
on diffusion flamelets (squares), premixed flames (crosses) and counterflow flames
(circles) are compared at two axial positions (x=2 cm (top), x=12 cm (bottom))
to the FTC results (line) of flame DME-L3.
reaction zones. By contrast, the results based on the application of the D-FLUT and C-FLUT
show very good agreement with the reference FTC solutions. This agreement holds for the
temperature, the mixture fraction, the main species and the differential diffusion parameter
in all three cases. Minor differences occur in the CO2 and H2O mass fractions. Note that
the non-premixed flamelets and the counterflow flame setup only differ in the description of
the scalar dissipation rate profile. Thus, it seems to be important for all three cases to take
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transport in mixture fraction space into account. The modeling of the scalar dissipation rate
using an error function complement profile (D-FLUT) seems, however, to be appropriate for
flames DME-L2 and DME-L3. Higher discrepancies appear for flame DME-L1. Although the
results achieved with non-premixed flamelet solutions show sufficient agreement for the ana-
lyzed results of DME-L2 and DME-L3, the look-up tables based on the strained counterflow
flames behave slightly better for CO and H2O.
Thus, the a priori analysis yield that flamelet look-up tables based on strained counterflow
flames can correctly describe the structure of the three DME/air flames and predict the
thermochemical state, namely the temperature, major species compositions and the
differential diffusion parameter. For this reason, the fully coupled FPV calculations should
be based on the C-FLUTs.
In respect of the GFRI approach, it was shown in Section 7.3 that:
• All three DME flames are defined by a premixed and a non-premixed reaction zone.
• The non-premixed flame zone has a different significance for the overall flame structure
in DME-L1, DME-L2 and DME-L3.
• Both the premixed and the non-premixed flame zone are prominent.
This reaction regime identification counts for both the reference FTC solution and the approx-
imated experimental results. Thus, the GFRI analysis results in the finding that neither a
pure non-premixed nor a pure premixed FLUT can be sufficient to represent the overall flame
structure. Accordingly, the fully coupled FPV calculations must be based on the C-FLUTs.
Note that both approaches can also be applied to the Raman/Rayleigh samples. However,
due to the assumptions already made by the 1D solver configurations and their correspond-
ing flamelet look-up tables (D-FLUT, P-FLUT and C-FLUT), the prior analysis cannot be
considered as a direct analysis of the experimental Raman/Rayleigh data. Accordingly, only
the GFRI approach can be carried out without assuming the existence of a specific 1D flame
structure.
comparison of different (optimized) progress variable definitions:
As mentioned in Section 2.1.3, an appropriate progress variable is coupled to various basic
requirements and therefore a suitable choice is crucial. This paragraph gives details about
the selected progress variables used in the a priori analysis shown in Figure 8.1, Figure 8.2
and Figure 8.3.
The a priori analysis in Figure 8.4 compares the standard progress variable for methane/air
flames (“std.”) and two progress variables, based on the constrained control approach for
the automated choice of an optimal progress variable. Two different optimization problems
are used. One progress variable (“mon.”) is based on the original constraint, taking into
account the progress variable gradient (monotonicity and restriction to the increase) over the
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independent variable. The second progress variable (“FLUT”) is based on the monotonicity
and the relative interpolation error for the species and temperature data themselves.
Note that the comparison shown in Figure 8.4 is based on flame DME-L3 and a C-FLUT;
however, the results for flames DME-L1 and DME-L2 lead to similar conclusions.
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Figure 8.4: Comparison of T and ZB,L3 (left), the major species (middle) and the dif-
ferential diffusion parameter ζHC (right) in an a priori analysis using differ-
ent PV definitions. Look-up tables based on the standard progress variable
YCO2 + YCO + YH2 + YH2O [3, 4] (plus), an optimized PV based on the original
constraint (squares) and an optimized PV based on a FLUT error evaluation (full
circles) are compared at two axial positions (x=2 cm (top), x=12 cm (bottom))
to the FTC results (line) of flame DME-L3.
Major differences are visible when the results based on the three progress variable definitions
are compared to the FTC reference solution. The progress variable based on the restriction
of the progress variable gradient (“mon.”), especially, shows major discrepancies for the tem-
perature, the species mass fractions and the differential diffusion parameter. The standard
progress variable, YCO2 + YCO + YH2 + YH2O, shows good agreement with the FTC solution
at x=2 cm; however, noticeable differences arise at x=12 cm in the temperature, CO2 and
differential diffusion parameter profiles. The optimized progress variable based on the new
objective function (relative error criterium) leads to the best agreement to the FTC refer-
ence solution at both heights as well as for all profiles analyzed. The differential diffusion
parameter shows especially good agreement when using the progress variable based on the
new objective function. An overview of the optimized progress variable coefficients used in
the a priori analysis and the fully coupled FPV calculations (see Section 8.2) are shown in
Appendix 10.3.3.
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temperature correction based on the enthalpy defect: A temperature
correction based on the enthalpy defect is used in the FPV simulations in this work1. The
necessity and influence of the enthalpy defect for the laminar DME flames is touched upon
briefly using an a priori analysis. A comparison of the tabulated temperature with and
without the temperature correction is shown in Figure 8.5.
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Figure 8.5: Comparison of the tabulated temperature profiles (“no T corr.”) and the corrected
temperature profiles (“T corr.”) in an a priori analysis of the flames DME-L1 (left),
DME-L2 (middle) and DME-L3 (right) for the axial position of x=2 cm (top) and
x=12 cm (bottom). The results are compared to the temperature of the fully
resolved FTC calculations.
The temperature correction has a minor influence at the axial position of x=2 cm. Both the
tabulated and the corrected temperature lead to very good agreement with the FTC results.
In contrast, the enthalpy defect has a significant influence on flames DME-L1 and DME-L3
as well as a minor influence on DME-L2 for x=12 cm. Thus, a temperature correction is
necessary and leads to better agreement with the FTC results.
Including the enthalpy defect in the 1D counterflow flame simulations and, building on that,
utilizing the enthalpy as a third independent parameter in the FLUT is a topic of future
research. However, taking the enthalpy defect into account can play a significant role not
only for the temperature but also for the species profiles of the DME flames. Note that the
species profiles are currently not corrected.
1 The temperature correction is defined as: △T = △hcp , where cp is the specific heat capacity at constant pressure
and △h represents the difference between the actual total enthalpy h and the enthalpy of an adiabatic flame
had.
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8.2 fully coupled fpv simulation
Building on the findings that were revealed in the present chapter, this section deals with
the fully coupled FPV calculations and the a posteriori analysis. In this respect, the most
promising tabulated manifold and the optimized progress variables are used for flames DME-
L1, DME-L2 and DME-L3. First, the qualitative 2D structure of the partially premixed
DME flames is presented and compared to the FTC results. Second, a detailed comparison
of two radial profiles is shown and the question is answered of whether common 1D flame
characterizations can be used to describe the local flame structure of partially premixed DME
flames.
Figure 8.6 and Figure 8.7 present the temperature and the hydroxyl radical profiles for the
partially premixed flames DME-L1, DME-L2 and DME-L3.
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Figure 8.6: Comparison of the FTC and FPV results based on the temperature T for the
partially premixed flames DME-L1 (left), DME-L2 (middle) and DME-L3 (right).
The red lines mark the area for which a more detailed analysis is carried out.
An overall good agreement was achieved for the temperature using the FPV approach for the
partially premixed DME flames. The general flame structure is represented and the maximum
temperature is of the same order of magnitude between the FTC and the FPV calculations.
Discrepancies occur for the inner flame cone exhibited by DME-L1. The results based on
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the FPV simulations suggest a shorter flame cone compared to the approximated length of
12 cm found in the FTC results. It is worth mentioning that detailed transport information
in the direction of the progress variable gradient can lead to a better representation of the
inner premixed flame cone. However, these characteristics are not provided by the C-FLUT.
The non-premixed flame structure of DME-L2 is represented very well and good agreement is
achieved. The flame DME-L3, defined by a weak inner premixed flame, is also well represented.
Smaller discrepancies arise for flames DME-L2 and DME-L3 in maximum temperature range.
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Figure 8.7: Comparison of the FTC and FPV results based on the hydroxyl radical for the
partially premixed flames DME-L1 (left), DME-L2 (middle) and DME-L3 (right).
In respect of the analysis of the hydroxyl radical, larger differences occur between the results
of the FTC and the FPV simulation. This is particularly evident in the maximum values
of the XOH profiles for DME-L1 and DME-L3. It is worth mentioning that the order of
magnitude for the hydroxyl radical is in general relatively small. However, the flame structure
is represented and the range of significant hydroxyl radical values is comparable.
A quantitative comparison will be further carried out at x=2 cm and x=12 cm, providing more
details about whether the FPV approach could be applied to partially premixed DME flames.
Figure 8.8, Figure 8.9 and Figure 8.10 compare the single line results using the FPV approach
for flames DME-L1, DME-L2 and DME-L3, respectively, to the reference FTC solution. The
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results are evaluated based on the Bilger mixture fraction, the temperature T and the major
species mass fractions Yi.
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Figure 8.8: Comparison of T and ZB,L1 (left), the major species (middle) and the differential
diffusion parameter ζHC (right) in the fully coupled FPV simulation. The FPV
results are compared at two axial positions (x=2 cm (top), x=12 cm (bottom)) to
the FTC solutions (line) of flame DME-L1.
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Figure 8.9: Comparison of T and ZB,L2 (left), the major species (middle) and the differential
diffusion parameter ζHC (right) in the fully coupled FPV simulation. The FPV
results are compared at two axial positions (x=2 cm (top), x=12 cm (bottom)) to
the FTC solutions (line) of flame DME-L2.
The temperature and the Bilger mixture fraction profiles are reproduced very well for all
three flames and at both heights. Only small discrepancies arise in the maximum value at
ZB,L1=0.5 and ZB,L3=0.8 for the temperature and at ZB,L2=0.7 and ZB,L3=0.8 for the Bilger
mixture fraction. The species profiles are also captured well; however, differences can be seen
in the CO2 mass fraction profile for DME-L1 at both heights, and for flames DME-L2 and
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Figure 8.10: Comparison of T and ZB,L3 (left), the major species (middle) and the differential
diffusion parameter ζHC (right) in the fully coupled FPV simulation. The FPV
results are compared at two axial positions (x=2 cm (top), x=12 cm (bottom))
to the FTC solutions (line) of flame DME-L3.
DME-L3 at x=12 cm. Further, smaller deviations arise in the mass fraction of H2 in DME-L2
and DME-L3 at x=12 cm, and in CO in DME-L3, while H2O is slightly under-predicted in
flame DME-L1 at x=2 cm and for flame DME-L2 at x=12 cm. Note that the under-prediction
of CO2 and the minor discrepancies in CO were already present in the a priori analysis and are
therefore mainly exposed based on the tabulated chemistry. The uncertainties arising in the
differential diffusion parameter are similar to the results shown in the a priori analysis for all
three flames and at both heights. Note that the rich mixture fraction range of flames DME-L2
and DME-L3 show a very good representation of the differential diffusion parameter and good
agreement is achieved regarding the overall structure. Even if the results of flame DME-L1
have larger differences, the progress of the differential diffusion parameter is represented very
well.
Basically, agreement between the FPV and the FTC results is better at a height of x=2 cm
than at x=12 cm. One reason could be the ongoing interaction between the non-premixed
and the premixed flame regimes and the corresponding multi-regime effects. This challenges
the FPV approach based on 1D flame solutions.
Finally, the reaction regime analysis using the GFRI approach is applied to the FTC reference
solution and the FPV results of the laminar dimethyl ether flames DME-L1, DME-L2 and
DME-L3 at the axial location of x = 2 cm. To this end, the chemical explosive mode, the heat
release rate and the Bilger mixture fraction are evaluated based on Φnum, FTC and Φnum, FPV.
Figure 8.11 presents the results for the GFRI approach including an identification of the
local reaction zones and an evaluation of the relative HRR contributions of the premixed and
non-premixed regimes.
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Figure 8.11: Illustration of the GFRI approach using the CM, the HRR and the Bilger mix-
ture fraction ZRRB for DME-L1, DME-L2 and DME-L3 based on Φnum,FTC and
Φnum,FPV. Horizontal bars show the regions where the different markers are ac-
tive. Vertical lines in the last row denote the position of the premixed (red) and
the non-premixed (blue) reaction zones.
Comparing the CM and HRR results for the fully resolved FTC and the fully coupled FPV
simulations indicates that they are very similar; no differences can be found with respect to
the CM zero-crossing and only small discrepancies arise for the whole CM profile. The
range of significant HRR is identical and two local HRR maxima are observed for DME-L1,
DME-L2 and DME-L3, respectively. One HRR peak is situated at the position of the CM
zero-crossings and a second one in the range of negative CM values. It is worth mentioning
that the HRR peak values corresponding to the premixed flames (at the CM zero-crossing)
are represented very well by the fully coupled FPV results. The range and the maximum
values of the second HRR peak show differences; however, the overall profile agrees for the
FTC and the FPV results. This means that the thermochemical state of the tabulated
manifold represents the fully resolved solution in a satisfactory way for both the CM and
the HRR. Note that this also presents the opportunity to further pre-tabulate the HRR and
CM. Moreover, the mixture fraction profiles and the location of the stoichiometric values
are nearly identical. Accordingly, the reaction zone detection and characterization leads to
equivalent results.
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Intermediate summary:
The present results of the fully coupled FPV simulations confirm that it is possible to select
the flame regime and a corresponding tabulated manifold based on an a priori analysis and
the GFRI approach. The C-FLUT was chosen as the most promising candidate,
representing the non-premixed and the premixed flame structures in all three DME flames.
It was possible to reproduce the local flame structure of the partially premixed DME flames,
and good results were obtained. Global flame characteristics, namely the temperature, the
species mass fractions and the differential diffusion parameter, were represented accurately.
However, differences still occur in the profiles of the hydroxyl radical and the length of the
inner flame cone of DME-L1 and the particular flame fronts, affecting each other
significantly, lead to challenges for the current approach.
The following statements can be made:
• Different tabulated manifolds, based on 1D flame solutions (diffusion flamelets, freely
propagating flames and counterflow flames), were investigated and compared by means
of an a priori analysis and the GFRI approach.
• Appropriate flamelet look-up tables were identified and applied in fully coupled FPV
simulations for flames DME-L1, DME-L2 and DME-L3.
• The flame structure of the partially premixed DME flame is captured well by the FPV
approach using the C-FLUT and an optimized progress variable.
• The GFRI analysis, based on the fully resolved FTC and the FPV simulations, leads
to similar results for identifying the regimes and the relative importance of the non-
premixed and premixed flame regimes based on the HRR. This confirms the applicability
of the newly developed reaction zone analysis.
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CONCLUS IONS
This dissertation addresses the understanding of the local flame structure of partially
premixed flames and the selection of suitable combustion models. A method for detecting
and characterizing the reaction zone has been developed which can be applied to data from
instantaneous 1D Raman/Rayleigh measurements of major species and temperature. To
sum up the findings of the outcome for the reaction zone detection and characterization, the
following conclusions can be drawn:
Gradient-free regime identification (GFRI):
• The combination of a zero-crossing in the chemical explosive mode (CM) and a local
peak in the heat release rate (HRR) was demonstrated to be a robust indicator of a
premixed reaction zone. Further, the joint occurrence of a significant HRR near the
stoichiometric mixture fraction, a gradient in the mixture fraction (Z) across this region,
and negative CM values were demonstrated to be characteristic for a non-premixed
regime.
• The method of gradient-free regime identification can be applied to 1D data from fully
resolved flame simulations, as well as to experiments.
• The relative importance of premixed and non-premixed reaction zones in turbulent
partially premixed flames, based on local heat release rates derived from single-shot
1D measurements of temperature and major species, can be assessed with the GFRI
analysis.
The method of gradient-free regime identification relies on a combination of flame markers,
namely the mixture fraction, the chemical explosive mode, and the heat release rate, which do
not require any knowledge of 3D scalar gradients. As part of this method, a novel technique
was introduced which allows the CM and the HRR to be calculated based on data which is
available from experiments. This technique was thoroughly tested using numerical simula-
tions of laminar counterflow flames across a range of combustion regimes and parameters. In
this regard, 1D Raman/Rayleigh equivalent data were synthesized from the fully resolved sim-
ulations, by applying a spatial filter representative of the experimental resolution and adding
uncertainties corresponding to reported experimental limits on accuracy and precision. For
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each sample point along a given instantaneous 1D realization, the full thermochemical state
was approximated using a constrained homogeneous batch reactor calculation. Afterwards,
the CM and the HRR were calculated from the approximated full state and compared to
those calculated directly from the numerical solution in order to validate the approximation
procedure. Combinations of flame markers were proposed that reliably identify reaction zones
as premixed or non-premixed.
The GFRI method was further tested using a 2D simulation of a canonical triple flame
and a 3D DNS of a non-premixed jet in a temporally evolving mixing layer. The CM pro-
files calculated from the Raman/Rayleigh equivalent data showed very good agreement with
those directly calculated from the simulation data, both regarding the zero-crossings and the
quantitative behavior along each profile. The heat release rate profiles showed discrepan-
cies, particularly in regions of low HRR. However, the locations of HRR peaks were in good
agreement, and the magnitudes of those peaks matches reasonably well.
The GFRI method was further applied to Raman/Rayleigh probe lines to validate its appli-
cability for experimental data. First, laminar partially premixed methane/air counterflow
flames were analyzed at the same conditions as the numerical test cases to allow a direct
quantitative comparison of experimental and numerical results. The application of the GFRI
method to Raman/Rayleigh data from the laminar counterflow flames clearly identified the
premixed and non-premixed reaction zones in each flame. The CM results were in close quan-
titative agreement with the numerical result for the locations of the zero-crossings and the
CM values across each profile. Compared with the CM results, the HRR results were more
sensitive to noise in the initial scalar state for the homogeneous reactor calculation. However,
the experimentally based HRR profiles were sufficiently accurate to assess the relative heat
release rate from different reaction zones in the overall flame structure.
Further, the method was applied to Raman/Rayleigh probe lines acquired in the
stabilization region of a mildly turbulent lifted methane jet flame and turbulent partially
premixed benchmark flames to demonstrate the potential for single-shot application in more
complex turbulent flames. When the GFRI approach was applied to the experimental data
of the lifted flame, flame structures comparable to those seen in the canonical triple flame
simulation were observed. Additional structures were identified that provided an insight into
the orientation of the lifted edge flame. Applying the GFRI method to Raman/Rayleigh
data from turbulent stratified flames (TSF-G, TSF-A and TSF-C) clearly showed
indications of premixed reaction zones. The results from the piloted CH4/air flame (x/d=10)
showed both a rich premixed and a stoichiometric non-premixed reaction zone, with the
former having a much lower HRR. The results from the piloted DME flame also revealed
both, rich premixed and stoichiometric non-premixed reaction zones, but with the HRR in
the rich-premixed reaction zone being relatively more important than in the methane flame.
Further, the flame structure of three laminar, partially premixed dimethyl ether flames has
been investigated using fully resolved CFD simulations and a flamelet/progress variable
(FPV) approach based on tabulated chemistry. With respect to the DME flame structure
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studies, the following can be concluded:
Laminar partially premixed dimethyl ether flames:
• Structural differences were identified with respect to partial premixing in the laminar
DME flames. Flame DME-L1 burns with a central premixed flame cone surrounded by
a post-oxidation region. In contrast, the flames DME-L2 and DME-L3 do not exhibit
any such dominant inner premixed reaction zone; their flame structure is more typical
of a non-premixed flame.
• A direct comparison of the experimental data to the full transport and chemistry (FTC)
results confirmed that it is possible to reproduce the flame structure of partially pre-
mixed DME flames in a fully resolved CFD simulation. Further, the comparison of
the FTC results and the fully coupled FPV simulations confirmed that it is possible to
decide for the flame regime and a corresponding tabulated manifold based on the GFRI
approach and an a priori analysis. Moreover, the global flame structure of partially
premixed DME flames can be reproduced by fully coupled FPV simulations.
• The GFRI approach was successfully applied to select the flame regime of the partially
premixed DME flames and the results are in agreement with the outcome of the a priori
and a posteriori analyses. Moreover, the newly developed approach can be applied
without assuming the existence of a specific 1D flame structure.
Based on three levels of premixing in the central DME jet, different burning characteristics
appear, leading to the local flame regimes taking on diverse forms and appearances. Recent
experimental data resulting from Raman, Rayleigh and LIF techniques have been used to
successfully validate the FTC results. The results imply that currently available chemical
mechanisms can reproduce the local flame structure of partially premixed dimethyl ether
flames and that higher intermediate hydrocarbons do not limit the applicability of the FTC
calculations. Further, the flame structure has been analyzed, using common flame markers
as well as the newly developed GFRI approach. The reaction regime detection and charac-
terization approach identified a non-premixed and a premixed reaction regime in the DME
flames, respectively. This characterization holds for both the reference FTC solution and the
approximated experimental results and confirms the accuracy of the GFRI analysis. Further,
the qualitative 2D structure of the partially premixed DME flames and an analysis at se-
lected slices of the fully resolved simulation are presented, and differences in the local flame
structure are discussed with respect to the amount of premixing.
Moreover, the partially premixed DME flames were investigated using a flamelet/progress
variable approach. In the FPV approach, different tabulated manifolds, based on diffusion
flamelets, freely propagating flames and counterflow flames, were investigated, and
compared by means of an a priori analysis and the newly developed GFRI approach. As
part of this analysis, the potential influence of an enthalpy defect and the proper choice of a
progress variable for the chemistry tabulation were discussed. The constrained control
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approach for the automated choice of an optimal progress variable, based on different
objective functions, was used to identify a progress variable which represents the tabulated
manifold. Flamelet look-up tables based on 1D counterflow flames were chosen as the most
promising candidate, representing the non-premixed and the premixed flame structures in
all three DME flames. Accordingly, fully coupled FPV simulations were carried out. The
flame structure of the partially premixed DME flames was reproduced accurately and good
results were obtained for the temperature, the species mass fractions and the differential
diffusion parameter. However, there are differences in the intermediate species profiles and
the inner premixed flame cone. The FPV analysis also provided helpful evidence to explain
the causes for the discrepancies. Consequently, tabulation strategies based on a 2D flamelet
tabulation approach and the inclusion of an enthalpy defect are important topics for future
research and may lead to an improvement on the current results.
By using the local thermochemical state as the footprint of the combustion regime, a new
regime identification approach was developed. The newly developed GFRI approach enables
an increased interconnection for the experimental and numerical analysis and allows for a
more detailed comparison of experimental and computational results from partially premixed
flames that exhibit multi-regime combustion. In this context, the aspects of analyzing the
partially premixed flame configurations in terms of a flamelet/progress variable modelling and
the detection and characterization of local flame regimes in terms of a flame structure analysis
of partially premixed flames were combined in this work. Further, the enhanced interaction
of numerics and experiments is leading to promising perspectives for future research and
extending the existing broad knowledge on combustion processes [43].
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APPENDIX
This appendix complements the thesis and presents additional material for the proposed
reaction zone detection and characterization method and the partially premixed dimethyl
ether flames. Section 10.1 shows the representative experimental uncertainties used in the
homogenous reactor approximation and for superimposing experimental uncertainty on fully
resolved numerical data. Section 10.2 investigates differences in CH4 and DME flames with
respect to HRR peaks. Section 10.3 presents further details regarding the partially premixed
DME flames. First, a reaction mechanism comparison (Section 10.3.1), second, the evaluation
and comparison of Rayleigh signals (Section 10.3.2) and finally, the optimal progress variable
definitions used in the FPV analysis (Section 10.3.3) are presented.
10.1 experimental uncertainty
Representative experimental uncertainties are given in Table 10.1 in the form of measured
precision and estimated accuracy for representative species and calibration flame conditions.
scalar precision σ accuracy premixed flame
T 0.7% 2% ϕ=0.97, T=2185 K
N2 0.6% 2% ϕ=0.97, T=2185 K
CO2 2.5% 4% ϕ=0.97, T=2185 K
H2O 1.7% 3% ϕ=0.97, T=2185 K
ϕ/Z 2.0% 5% ϕ=0.97, T=2185 K
CO 3.3% 10% ϕ=0.97, T=2185 K
H2 5.5% 10% ϕ=1.28, T=2045 K
CH4 0.6% 2% ϕ=1.28, T=294 K
O2 0.7% 3% ϕ=1.28, T=294 K
Table 10.1: Representative uncertainties in scalar measurements.
The precision σ corresponds to measured RMS noise and is representative of the standard
deviation of measurements in the combustion products. The estimation of the accuracy
corresponds to uncertainties on the basis of flow condition calibrations, the repeatability of
measurement and the variation of Raman/Rayleigh results along the experimental probe line
in averaged measurements [5, 94].
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10.2 comparison of the hrr in laminar partially premixed ch4 and
dme counterflow flames
In this section, fully resolved counterflow simulations of laminar partially premixed CH4 and
DME flames at low and high strain rates are compared. Air is used as an oxidizer in both cases
and the fuel is chosen to match the composition of the Sydney/Sandia piloted jet burner flame
series with DME [6, 16] and the case FJ200-5GP-Lr300-59 of the inhomogeneous inlet flame
series for CH4 [5]. The new GFRI approach was tested on experimental Raman/Rayleigh
data for both cases. In the case of CH4, it has been found that the HRR peaks of the rich
premixed flames are substantially smaller than those of the non-premixed flames. For DME,
the magnitude of the premixed and non-premixed HRR peaks is comparable.
Figure 10.1 shows the HRR and the mass fraction of CH2O for CH4 (left) and DME (right)
for a low and a high strain rate.
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Figure 10.1: The HRR and the mass fraction of CH2O for a fully resolved counterflow cal-
culation of (a) air vs. partially premixed CH4/air mixture (ϕ=4.8) and (b) air
vs. partially premixed DME/air mixture (ϕ=3.57), corresponding to the Syd-
ney/Sandia FJ200-5GP-Lr300-59 [5] and the DME-D [6] configuration, respec-
tively. The positions of the stoichiometric mixture and the CM zero-crossing are
indicated by small circles.
The positions of the stoichiometric mixture and the CM zero-crossing, see Figure 10.2, are
indicated by small circles in Figure 10.1. These cases illustrate the fact that the local flame
structure in partially premixed flames depends on both mixture fraction values at the bound-
aries and the strain rate. For both fuels, the low strain rate cases show two distinct HRR
peaks, one in the vicinity of the stoichiometric mixture and one on the rich side. For the
higher strain rates, the HRR profiles merge but two peaks can still be identified. Further-
more, the DME cases exhibit substantially higher CH2O values than the CH4 flames, which
is consistent with previous findings [14]. For the higher strain rate, the HRR peak, the CH2O
peak and the CM zero-crossing are shifted towards the stoichiometric mixture. Specifically
looking at the case of CH4, for both the low and the high strain rate, the HRR peak associ-
ated with the non-premixed flame is about one order of magnitude larger compared to the
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peak of the premixed flame. This is different for DME, where both peaks yield the same
magnitude. These differences are consistent with the analysis of the experimental data in the
main text, confirming that the approximation of the thermochemical state and the subsequent
calculation of the HRR as part of the new GFRI approach is accurate enough to resolve such
structural aspects.
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Figure 10.2: The CM and the mass fraction of CH2O for a fully resolved counterflow calcula-
tion of (a) air vs. partially premixed CH4/air mixture (ϕ=4.8) and (b) air vs. par-
tially premixed DME/air mixture (ϕ=3.57) corresponding to the Sydney/Sandia
FJ200-5GP-Lr300-59 [5] and the DME-D [6] configuration, respectively.
10.3 partially premixed dimethyl ether flames
This part of the appendix presents additional information on the chemical model used (Sec-
tion 10.3.1), the evaluation of the Rayleigh signals (Section 10.3.2) and the optimized progress
variable definitions used for the a priori analysis and the FPV simulation (Section 10.3.3).
10.3.1 Chemical model
The DME/air combustion chemistry can be represented by different reaction mechanisms.
Since these are usually developed and optimized for different boundary conditions and on the
basis of various experimental data sets, they differ in the quality of their prediction of specific
flame characteristics, such as the ignition delay time and the laminar burning velocity.
In the following, different available DME mechanisms are investigated. An overview of the
mechanisms used in this study is given in Table 10.2.
mechanism Kaiser [113] Zhao [92] NUIG [114]
year 2000 2008 2014
# species 79 55 113
#reactions 660 290 710
Table 10.2: Comparison of number of species and reactions for available DME mechanisms.
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The detailed chemical kinetic model by Kaiser [113] was developed to study DME oxidation
over a wide range of conditions. Experimental results obtained in a jet-stirred reactor and
a shock tube are the basis for the validation. The kinetic model is able to predict the
correct distribution and concentrations of intermediate and final product species formed in
the oxidation process. Additionally, shock tube results at low temperatures and high pressures
are taken into account.
The mechanism suggested by Zhao [92] is a comprehensive DME pyrolysis and oxidation
model. The model was developed to simulate experimental results obtained in flow reactors,
jet-stirred reactors, shock tubes, and burner stabilized flames. A sensitivity analysis suggests
that there is a need to further refine the model to include reactions involving the C1 level
sub-mechanism, especially formaldehyde oxidation [92].
The most recent mechanism, NUI Galway (NUIG) [114], was developed for high pressures
with pressure-dependent rate coefficients. This pressure dependency allows the mechanism
to be validated under conditions similar to those found in compression ignition engines and
gas turbines, where methane and DME are burned. Flow reactors, jet-stirred reactors, rapid
compression machines and shock tube experiments (ignition delay time and laminar burning
velocity measurements) are used to validate this mechanism.
A comparison of the mechanisms with respect to ignition delay times at high pressures (11.9−
30atm) is performed by Burke et al. ([114], Figure 15). Here, the mechanism by NUIG yields
the best results. Note that this is most likely because the NUIG mechanism is optimized for
high pressures and the pressure-dependent rate coefficients used in the mechanism. A good
reproduction of experimental data is found for temperatures higher than 1100K for all three
mechanisms. However, at lower temperatures (T < 1000K), major discrepancies compared
with the experimental findings appear for the Zhao and the Kaiser mechanism (the latter
of which is referred to as Curran et al.). No experimental data on ignition delay times are
available for atmospheric DME/air flames.
Next, the laminar burning velocity sL is investigated. The laminar burning velocity is an
important parameter for characterizing the flame propagation in premixed reactant mixtures.
One-dimensional adiabatic, steady and unstretched laminar premixed flames are simulated
with an in-house solver [85, 86]. The laminar burning velocities of DME/air mixtures at
290K, atmospheric pressure and varying equivalence ratios are shown in Figure 10.3 for the
analyzed DME mechanisms. To validate the results of the simulation, experimental data
[2, 92, 115] are used.
The mechanisms developed by Zhao and NUIG show good overall agreement in the flame
region and are capable of predicting the trend of the experimental laminar burning velocity.
By contrast, the Kaiser mechanism overestimates sL by up to 20% for all equivalence ratios.
In addition to good results for the laminar burning velocity, the mechanism developed by
Zhao is valid for atmospheric pressure conditions and contains an appropriate number of
species for 3D CFD calculations. Thus, it is found to be the most favorable option for the
conditions met by the three laminar flames (DME-L1, DME-L2, DME-L3).
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Figure 10.3: Comparison of the laminar burning velocity with data from the literature for
DME/air mixtures at 290 K and atmospheric pressure using different available
DME mechanisms.
10.3.2 Evaluation and comparison of Rayleigh signals
When investigating complex fuels, such as DME, the evaluation of the measured Rayleigh
signals is generally more challenging than for methane flames, see [13]. Therefore, a procedure
of directly comparing the calculated and measured Rayleigh scattering signals in terms the
effective Rayleigh cross-section, following the approach by Connelly et al. [116], is shown here.
This approach was also discussed for a LES of a turbulent DME flame by Popp et al. [19].
Only the expressions used in this work are briefly recalled.
According to [13, 19], sixteen species are used to determine the effective Rayleigh cross-section
and a moleweighted formulation, referred to as σRay,eff,ref, is applied:
σRay,eff,ref = ∑Ni=1 Xi σRay,i∑Ni=1 Xi .
During the analysis of the experimental data, assumptions are made to account for inter-
mediate hydrocarbons, which are not accessible by the Raman measurements. In addition
to DME, four intermediate hydrocarbons (CH4, CH3, C2H4, C2H6) are considered for the
Raman detection channel and combined into a hydrocarbon mole fraction, XHC.
As a result, the calculation of XHC requires a model to estimate the relative mole fractions
of these hydrocarbons. These models are, for example, based on a laminar flame calculation
(see [13]).
The model-based effective Rayleigh cross-section is then calculated by
σRay,eff,exp = ∑6i=1 Xi σRay,i +XHC σRay,HC∑6i=1 Xi +XHC ,
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where the first sum includes six major species (CO, CO2, H2, H2O, O2, N2).
The effective Rayleigh cross-section values, evaluated based on the species composition of
the fully resolved laminar simulation with and without the model assumption (referred to as
“FTC Model” and “FTC”, respectively), are calculated and compared to the experimental
data (“Exp Model”).
A comparison of the effective Rayleigh cross-section values for flame DME-L1, DME-L2 and
DME-L3 is shown in Figure 10.4.
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Figure 10.4: Comparison of the effective Rayleigh cross-section profiles with and without
model assumption for the flames DME-L1, DME-L2 and DME-L3 at the ax-
ial position of x = 2 cm. The whole radius (top) and a zoom into the flame
(bottom) are visualized.
The simulated values of the effective Rayleigh cross-section, with and without the model
assumption, agree very well with the experimental results of flame DME-L1 and DME-L2.
For flame DME-L3, a slight shift arises in the effective Rayleigh cross-section profile. Note
that the shift in the effective Rayleigh cross-section profile corresponds to the discrepancy in
the flow field of flame DME-L3 (shown in Section 7.2). Generally, overall good agreement is
found for all three flames.
When the flame front is analyzed in more detail, minor discrepancies appear both between
the fully resolved laminar simulation, with and without the model assumption, and compared
with the experimental data. These differences are evident in both the position of the gradient
and the gradient itself. Consequently, the usage of the model assumption does have an
influence, albeit a minor one, on all three partially premixed DME flames. For this reason,
care should be taken since the discrepancy caused by the model assumption further influences
the recalculated temperature profiles.
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10.3.3 Automated choice of an optimal progress variable
By using the adapted version of the genetic algorithm for the multi-parameter problem, it
was possible to obtain appropriate progress variables, depending on the underlying tabulated
manifold and the degree of DME/air premixing. Table 10.3 gives an overview of the optimized
progress variables used in this work for the a priori analysis and the FPV simulation (bold).
DME-L1 DME-L2 DME-L3
diffusion flamelets (D-FLUT) αL1DF αL2DF αL3DF
freely propagating premixed flames (P-FLUT) αL1PF αL2PF αL3PF
counterflow jet flame (C-FLUT) αL1CF α
L2
CF α
L3
CF
Table 10.3: Progress variables computed by the genetic algorithm.
The computed progress variables are capable of mapping the species and temperature data
properly, based on the independent parameter (scalar dissipation rate, physical space, strain
rate). The values of α, corresponding to the species in the Zhao mechanism, are presented
in Table 10.4 and Table 10.5.
Table 10.4: Coefficients αi of the progress variables computed by the genetic algorithm.
DME-L1 DME-L2 DME-L3
No. species αL1DF αL1PF αL1CF αL2DF αL2PF αL2CF αL3DF αL3PF αL3CF
1 H 1 -1 1 1 -1 1 1 -1 0
2 H2 0 0 0 0 0 0 0 0 0
3 CH2 1 -1 1 1 -1 1 1 -1 -1
4 CH2s 1 -1 -1 1 -1 1 1 -1 0
5 CH3 -1 -1 1 1 -1 0 -1 -1 -1
6 O -1 -1 -1 1 -1 1 1 -1 -1
7 CH4 0 -1 -1 -1 -1 1 0 -1 -1
8 OH -1 -1 1 -1 -1 1 1 -1 -1
9 H2O 1 1 -1 -1 0 -1 -1 1 1
10 C2H 1 -1 -1 -1 -1 -1 1 -1 -1
11 C2H2 1 -1 0 -1 -1 -1 -1 -1 1
12 C2H3 1 -1 0 1 0 1 -1 -1 0
13 CO 0 1 0 0 1 -1 0 0 1
14 N2 0 0 0 0 0 0 0 0 0
15 C2H4 1 1 -1 1 -1 0 -1 0 -1
16 HCO -1 1 -1 -1 1 0 -1 0 1
17 C2H5 -1 1 -1 -1 1 -1 -1 1 -1
18 CH2O 0 1 -1 0 0 0 0 1 1
19 C2H6 1 1 1 -1 -1 -1 0 -1 -1
20 CH2OH 1 -1 -1 1 -1 -1 1 -1 -1
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Table 10.5: Coefficients αi of the progress variables computed by the genetic algorithm.
DME-L1 DME-L2 DME-L3
No. species αL1DF αL1PF αL1CF αL2DF αL2PF αL2CF αL3DF αL3PF αL3CF
21 CH3O 1 1 1 1 1 -1 -1 1 1
22 O2 0 0 1 1 0 1 1 0 -1
23 CH3OH 1 1 -1 -1 -1 1 1 -1 -1
24 HO2 -1 1 1 1 1 0 -1 -1 -1
25 H2O2 -1 1 0 1 0 0 1 -1 -1
26 HCCO 1 -1 0 0 1 0 1 -1 -1
27 CH2CO 1 -1 -1 1 -1 0 -1 0 1
28 HCCOH 1 -1 0 -1 -1 0 -1 -1 1
29 CH2HCO 1 1 0 1 1 0 -1 1 -1
30 CH3CO 0 -1 0 -1 0 1 0 1 -1
31 CO2 1 1 0 0 1 0 0 1 0
32 CH3HCO -1 1 -1 -1 1 -1 -1 0 -1
33 OCHO 1 -1 0 1 -1 0 -1 1 -1
34 CH3CHOH 0 -1 0 0 1 0 0 -1 1
35 C2H4OH 1 0 0 1 -1 0 -1 0 0
36 CH3CH2O -1 1 -1 0 1 1 0 1 1
37 CH3OCH2 -1 1 0 -1 1 0 1 -1 -1
38 HCOOH 1 1 -1 -1 1 1 -1 -1 -1
39 CH3OCH3 0 1 0 0 0 0 0 0 0
40 C2H5OH 1 1 -1 -1 1 1 1 -1 -1
41 HOCH2O 1 1 1 -1 1 -1 1 0 -1
42 CH3OCO 1 1 1 -1 1 1 -1 -1 -1
43 CH3OCHO 1 0 1 1 -1 1 1 -1 0
44 CH3OCH2O 1 1 0 -1 1 0 0 -1 -1
45 CH3OCH2OH -1 -1 1 1 -1 1 1 -1 -1
46 OCH2OCHO 0 1 -1 0 1 -1 0 -1 -1
47 HOCH2OCO -1 1 1 -1 1 1 1 0 1
48 HOC2H4O2 1 -1 -1 -1 1 0 1 1 1
49 CH3OCH2O2 1 -1 -1 -1 0 -1 1 0 1
50 CH2OCH2O2H 0 -1 1 -1 1 -1 1 0 -1
51 CH3OCH2O2H 0 0 1 -1 1 0 -1 1 -1
52 HO2CH2OCHO 1 0 0 0 -1 1 1 1 1
53 O2CH2OCH2O2H 1 -1 1 0 1 -1 0 1 1
54 AR 1 1 1 1 1 -1 -1 1 1
55 HE 0 -1 -1 -1 0 -1 -1 0 1
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